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FOREWORD 

This r e p o r t  c o n s t i t u t e s  f i n a l  documentation of work performed by per- 

sonne l  of Lockheed's H u n t s v i l l e  Research & Engineering Center f o r  NASA- 

Langley Research Center on Contract NAS1-15783. The purpose of t h e  r e p o r t  

i s  t h e  p r e s e n t a t i o n  of t h e  G I M  code mod i f i ca t ions  and t h e  l a t e s t  f l o w f i e l d  

c a l c u l a t i o n s  performed wi th  t h e  General I n t e r p o l a n t s  Method (GIM) computer 

I 

I 

I 
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1 Telephone: (205) 837-1800, ext. 401 

code. The work d e s c r i b e s  t h e  G I M  code r e a c t i n g  flow model, t h e  hype rbo l i c  

s t e a d y - s t a t e  E u l e r  ve r s ion  of t h e  code, i n v e s t i g a t i o n  of a s o l u t i o n  a d a p t i v e  

g r i d  a lgo r i thm,  and improvements t o  t h e  tu rbu lence  models. The a u t h o r s  

g r a t e f u l l y  acknowledge t h e  c o n t r i b u t i o n  t o  and continued suppor t  of t h i s  

work by t h e  NASA-Langley Cont rac t  Monitors J. L. Hunt and R.C. Rogers. 

I n q u i r i e s  concerning t h i s  r e p o r t  should be d i r e c t e d  t o :  

John F. S t a lnake r  
Lockheed-Huntsville Research & Engineering Center 

4800 Bradford Drive 
Hun t sv i l l e ,  Alabama 35807 
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1. INTRODUCTION AND SUMMARY 

The General I n t e r p o l a n t s  Method (GIM) code was developed t o  ana lyze  co- 

mplex f low f i e l d s  which de fy  s o l u t i o n  by s imple  methods. The code uses  rium- 

e r i c a 1  d i f f e r e n c e  techniques  t o  s o l v e  t h e  f u l l  three-dimensional time- 

averaged Navier-Stokes equa t ions  i n  a r b i t r a r y  geometric domains. The nu- 

merical ana logs  of t h e  d i f f e r e n t i a l  equa t ions  are de r ived  by r e p r e s e n t i n g  

each  flow v a r i a b l e  wi th  g e n e r a l  i n t e r p o l a n t  func t ions .  

p a r t u r e  t h e n  r e q u i r e s  t h a t  a weighted i n t e g r a l  of i n t e r p o l a n t s  be zero  over  

t h e  flow domain. 

themselves,  t h e  G I M  formula t ion  can  produce t h e  c l a s s i c a l  i m p l i c i t  d i f f e r -  

ence schemes. Choosing the  weight f u n c t i o n s  t o  be or thogonal  t o  t h e  i n t e r -  

po lan t  f u n c t i o n s  produces exp l i c i t  f i n i t e  d i f f e r e n c e  type  d i s c r e t e  ana logs .  

By a p p r o p r i a t e  cho ice  of c o n s t a n t s  i n  t h e  weight f u n c t i o n s ,  t h e  G I M  becomes 

analogous t o  s t anda rd  f i n i t e  d i f f e r e n c e  schemes such as cen te red ,  backward, 

forward, windward and mul t i - s t ep  p red ic to r - co r rec to r  schemes. 

ana logs ,  however, are a u t o m a t i c a l l y  produced f o r  a r b i t r a r y  geometric flow 

domains and hence are a g e n e r a l  p o i n t  of d e p a r t u r e  and provide  f l e x i b i l i t y  

i n  t h e  cho ice  of d i f f e r e n c i n g  schemes. 

The p o i n t  of de- 

By choosing t h e  weight f u n c t i o n s  t o  be t h e  i n t e r p o l a n t s  

The GIM 

The GIM computer code w a s  o r i g i n a l l y  w r i t t e n  f o r  t he  CDC 7600 machine. 

The f i r s t  e f f o r t  t h a t  was accomplished under Cont rac t  t o  NASA-Langley w a s  

t h e  convers ion  and reprogramming of t h e  code f o r  t h e  CDC-STAR (now termed 

t h e  CYBER 200 series) v e c t o r  processor .  The GIM-STAR code w a s  t hen  exer- 

c i s e d  f o r  three-dimensional exhaus t  f lows  f o r  a p p l i c a t i o n  t o  Scramjet engine  

s t u d i e s .  The nex t  s e q u e n t i a l  s tudy  i n  t h i s  computational f l u i d  dynamics 

e f f o r t  c o n s i s t e d  of t h e  development and a p p l i c a t i o n  of a pa rabo l i zed  G I M  

a lgo r i thm,  computation of t h e  flow, inc lud ing  s p i l l a g e ,  i n  a model a i r c r a f t  

i n l e t  and i n v e s t i g a t i o n  of l i n e a r i z e d  b lock  i m p l i c i t  schemes f o r  G I M  a p p l i -  

c a t i o n .  These t a s k s  were accomplished under two c o n t r a c t s  through a 



coopera t ive  e f f o r t  of t h e  Hypersonic Aerodynamics and Hypersonic P r o p u l s i o n  

Branches. These e f f o r t s  then cont inued  t o  inc lude  program modi f i ca t ion  t o  

f u l l y  u t i l i z e  t h e  f e a t u r e s  of t h e  CYBER 203, i n c l u s i o n  of t he  i m p l i c i t  

MacCormack a lgo r i thm,  i n c l u s i o n  of a l g e b r a i c  and d i f f e r e n t i a l  equa t ion  tu r -  

bulence models,  c r e a t i o n  of a n  i n t e r a c t i v e  inpu t  program, c a l c u l a t i o n  of t h e  

i n v i s c i d  f low about  a wing-body c o n f i g u r a t i o n ,  and t h e  inco rpora t ion  of a 

f i n i t e  ra te  nonequl l ibr ium reacting f low model. 

The most c u r r e n t  e f f o r t ,  which i s  t h e  s u b j e c t  of t h i s  r e p o r t ,  i s  a 

con t inua t ion  of t h e  G I M  code development and a p p l i c a t i o n  on the  CYBER 203 

machine. Ohjec t ives  of t h i s  e f f o r t  i nc lude  t h e  fol lowing.  

Complete t h e  development of t h e  f i n i t e  ra te  chemical ly  r e a c t i n g  
flow model, 

Va l ida t e  t h e  r e a c t i n g  f low model f o r  hydrogen-air and 
hydrocarbon-air  combustion by ana lyz ing  an  experimental  ca se .  

Develop a hyperbol ic  marching Eu le r  s o l v e r  f o r  i n v i s c i d  flow- 
f i e l d  a n a l y s i s .  

I n v e s t i g a t e  so lu t ion-adapt ive  g r i d  a lgor i thms f o r  i n c l u s i o n  i n  
t h e  GIM code. 

Complete t h e  formula t ion  of t h e  turbulence  models i n  t h e  GIM 
code. 

C e r t a i n  of t h e s e  s t a t e d  o b j e c t i v e s  were accomplished i n  f u l l  and o t h e r  

p a r t i a l l y .  The p l an  of a t t a c k  was t o  organize  a set  of o v e r a l l  t a s k s ,  some 

of which are i n t e r r e l a t e d ,  aimed a t  meeting t h e  major o b j e c t i v e s .  

r e p o r t  i s  organized i n t o  s e c t i o n s  w i t h  each  s e c t i o n  independent ly  present ing  

d e t a i l s  of t h e  major t a sks .  

This  

The fo l lowing  i s  a summary of t h e s e  s e c t i o n s :  

THE GTM CODE CHEMICALLY REACTING FLOW MODEL 

The GIM code chemica l ly  r e a c t i n g  f low model has  been developed t o  

f a c i l i t a t e  t h e  c a l c u l a t i o n  of a broad spectrum of flow f i e l d s  involv ing  

chemical r eac t ions .  The GIM code model a l lows  t h e  c a l c u l a t i o n  of f rozen  
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flow, equilibrium flow, and finite-rate nonequilibrium flow. 
plicit and an implicit time integration scheme are available at the option 
of the user. All of the chemistry calculations are tailored to be readily 
compatible with the overall GIM code methodology and are highly vectorized 

so as to obtain maximum computational efficiency on the CDC CYBER 200 series 

of supercomputers. Furthermore, the model is completely general in that any 

number of reactions of the general form 

Both an ex- 

Number of 
Reactions 

N N 
j = 1, ..., 

can be considered. In addition to the regular G I M  code integration input, 

the user must input the equation describing each reaction, reaction rate 
data, and tables of the thermodynamic properties of each species as a func- 

tion of temperature. An initial estimate of the species mass fraction dis- 

tribution is also required. As output, the GIM code produces the regular 

integration output plus species mass fraction distributions. 

THE GIM HYPERBOLIC STEADY EULER SOLVER 

The General Interpolants Method solution methodology was brought to 
bear on a spatial-marching MacCormack algorithm for the solution of the 

hyperbolic steady Euler equations of inviscid flow. The resulting code has 
the computational efficiency resulting from the combination of the explicit 

MacCormack algorithm, the progressive assembly of the G I M  difference analogs 
(see Appendix D), and the CYBER 200 series of supercomputers. 
features of the method include the geometric versatility of all G I M  deriv- 
atives and dynamic monitoring of the marching step size with the ability to 

interpolate secondary cross planes in order to maintain stability. 

Further 
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INVESTIGATION OF A SOLUTION ADAPTIVE GRID ALGORITHM FOR THE G I M  CODE 

A s tudy  was made t o  determine t h e  f e a s i b i l i t y  and s u i t a b i l i t y  of a 

s o l u t i o n  a d a p t i v e  g r i d  scheme f o r  t h e  G I M  code. 

l i t e r a t u r e  survey  of c u r r e n t l y  a v a i l a b l e  methods and development of a one- 

dimensional code implementing a tes t  a lgor i thm.  The approach taken  was t o  

be t h e  "boundary conforming" c o o r d i n a t e  t ransformat ion  whereby a l l  t h e  g r i d  

movement i s  conta ined  i n  t h e  form of m e t r i c  c o e f f i c i e n t s .  

i t i e s  were determined by s e t t i n g  them p r o p o r t i o n a l  t o  t h e  l o c a l  p re s su re  

g r a d i e n t .  The one-dimensional a lgo r i thm and a n  example r e s u l t  are presented  

i n  t h i s  r e p o r t .  The example case i s  a s t and ing  shock wave i n  a tube .  The 

g r i d  p o i n t s  are shown t o  mig ra t e  toward t h e  d i s c o n t i n u i t y  i n  p re s su re .  The 

shock p r o f i l e  i s  seen  t o  improve over  t h e  f i x e d  g r i d  case i n  t h a t  t he  

"wiggles" due t o  MacCormack d i f f e r e n c i n g  are no longe r  p r e s e n t .  We conclude 

t h a t  a d a p t i v e  g r i d  methods are f e a s i b l e  f o r  i n c l u s i o n  i n  t h e  GIM code and 

t h a t  a three-dimensional s tudy  should be s t a r t e d  toward t h i s  goa l .  

This  t a s k  c o n s i s t e d  of a 

The g r i d  veloc- 

TURBULENCE MODELING I N  THE G I M  CODE 

Sec t ion  5 d e s c r i b e s  improvements made t o  t h e  tu rbu lence  models i n  t h e  

G I M  code. The Baldwin-Lomax a l g e b r a i c  eddy v i s c o s i t y  model was extended t o  

inc lude  two-dimensional and axisymmetric r eg ions  bounded by more than  one 

w a l l .  It was f u r t h e r  modified t o  a l l o w  t h e  u s e r  t o  l i m i t  t h e  reg ion  of 

a p p l i c a t i o n  of t h e  model. The Turbulent  K i n e t i c  Energy (TKE) two-equation 

model was completed wi th  t h e  i n c l u s i o n  of w a l l  f u n c t i o n  boundary c o n d i t i o n s .  

RECOWIE NDATIONS 

An important p a r t  of any r e s e a r c h  e f f o r t  is t h e  pub l i sh ing  of t h e  

f i n d i n g s  and r e s u l t s .  In  a d d i t i o n  t o  NASA Cont rac tor  Reports,  t h e  r e s u l t s  

of t h e  GIM code development and a p p l i c a t i o n s  have been p resen ted  a t  uany 

p r o f e s s i o n a l  s o c i e t y  meetings and publ i shed  i n  t h e  open l i t e r a t u r e .  The 

a u t h o r s  would l i k e  t o  acknowledge t h e  r e a l i z a t i o n  of t h i s  a s p e c t  of r e sea rch  

by t h e  Langley personnel  and thank them f o r  t h e i r  suppor t  i n  t h e s e  e f f o r t s  

t o  d i s semina te  knowledge. 
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Another e q u a l l y  important  a s p e c t  of computat ional  r e sea rch  is t he  

e f f o r t  t o  keep c u r r e n t  and p o t e n t i a l  users of computer codes a b r e a s t  of 

changes and mod i f i ca t ions  t o  t h e  code. 

l e t i n  has  been c i r c u l a t e d  as warranted and t h r e e  cour ses  have been g iven  t o  

aqua in t  u s e r s  w i t h  t h e  l a t e s t  v e r s i o n s  of t he  code. 

To t h i s  end a G I M  Code User's Bul- 

To f u r t h e r  enhance t h e  G I M  code ' s  c a p a b i l i t y  and t o  u t i l i z e  i t s  c u r r e n t  

p o t e n t i a l ,  t h e  fo l lowing  a c t i o n s  are recommended. 

0 Inc lude  t h e  new s t reaml ined  assembly procedure i n  a l l  G I M  INTEG 
modules. 

0 I n v e s t i g a t e  so lu t ion-adapt ive  methods inc lud ing  adap t ive  g r i d s ,  
t i m e  s t e p s ,  and d i f f e r e n c e  schemes. 

0 Inc lude  h ighe r  o r d e r  i n t e r p o l a n t s  i n t o  t h e  p re sen t  geometry pr- 
ogram and inc lude  o t h e r  s ta te -of - the-ar t  g r i d  gene ra to r s .  

0 Res t ruc tu re  t h e  code f o r  s t o r a g e  opt imiza t ion ,  

0 I n v e s t i g a t e  matching techniques  t o  a l low t h e  code t o  dynamic- 
a l l y  swi tch  among t h e  hype rbo l i c ,  pa rabo l i c ,  and e l l i p t i c  
op t ions .  

0 Use t h e  G I M  approach as  a s o l u t i o n  methodology t o  t a k e  advan- 
t a g e  of i t s  geometr ic  and a lgo r i thmic  cons i s t ency  f o r  t h e  
development of b e t t e r  s o l u t i o n  techniques.  

F i n a l l y ,  t h e  use  of the GIM code by Langley personnel  i n  t h e i r  many 

r e s e a r c h  e f f o r t s  is encouraged and recommended. 

i n p u t  can  a code w i t h  t h e  c a p a b i l i t y  of t h e  G I M  code be developed a long  

r a t i o n a l  l i n e s .  

Only through u s e  and u s e r s '  
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2. G I M  CODE CHEMICALLY REACTING FLOW MODEL 

2 . 1  INTRODUCTION 

The G I N  Code chemical ly  r e a c t i n g  f low model has been developed t o  

f a c i l i t a t e  t h e  c a l c u l a t i o n  of a broad spectrum of flow f i e l d s  involv ing  

chemical r e a c t i o n s .  The G I M  code model a l lows  t h e  c a l c u l a t i o n  of f rozen  

f low,  e q u i l i b r i u m  flow, and f i n i t e  ra te  nonequi l ibr ium flow, 

p l i c i t  and an i m p l i c i t  t i m e  i n t e g r a t i o n  scheme are a v a i l a b l e  a t  t h e  opt ion  

of t h e  u s e r .  A l l  of t h e  chemistry c a l c u l a t i o n s  are t a i l o r e d  t o  be r e a d i l y  

compatible  with t h e  o v e r a l l  G I M  code methodology and are h i g h l y  vec tor ized  

s o  t h a t  maximum computat ional  e f f i c i e n c y  can be obtained on t h e  CDC CYBER 

200 series of supercomputers. Furthermore, t h e  model i s  completely g e n e r a l  

i n  t h a t  any number of r e a c t i o n s  of t h e  g e n e r a l  form 

Both a n  ex- 

Number of 
React i o n s  

N N 
V i j  Ai $ V i j  Ai jd,. . . , 

can be considered.  I n  a d d i t i o n  t o  t h e  r e g u l a r  G I M  code i n t e g r a t i o n  i n p u t ,  

t h e  u s e r  must i n p u t  t h e  e q u a t i o n  d e s c r i b i n g  each reaction, r e a c t i o n  r a t e  

d a t a ,  and t a b l e s  of t h e  thermodynamic p r o p e r t i e s  of each s p e c i e s  as a func- 

t i o n  of temperature .  An i n i t i a l  estimate of t h e  s p e c i e s  mass f r a c t i o n  d i s -  

t r i b u t i o n  is a l s o  requi red .  As o u t p u t ,  t h e  G I M  code produces t h e  r e g u l a r  

i n t e g r a t i o n  o u t p u t  p l u s  s p e c i e s  mass f r a c t i o n  d i s t r i b u t i o n s .  

This  s e c t i o n  d e t a i l s  t h e  theory  and a lgor i thms employed i n  t h e  G I M  code 

chemical ly  r e a c t i n g  f low model and d e s c r i b e s  t h e  i n p u t  requi red  t o  implement 

t h e  model. Sec t ion  2 . 2  p r e s e n t s  t h e  governing e q u a t i o n s  used i n  t h e  model, 

whi le  S e c t i o n  2.3 d e s c r i b e s  t h e  computat ional  model. Sec t ion  2.4 d e t a i l s  
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t h e  f rozen  flow and equ i l ib r ium f low models incorpora ted  i n  the  gene ra l  

chemical ly  r e a c t i n g  flow model. 

use  of t h e  model as  w e l l  a s  t h e  i n p u t s  requi red .  

f i n i t e  ra te  r e a c t i n g  chemistry c a l c u l a t i o n  i s  presented  i n  Sec t ion  2.6. 

Nomenclature and r e fe rences  are  presented  i n  Sec t ions  2.7 and 2.8, respec- 
t ive  l y  . 

Sec t ion  2.5 i s  an  inpu t  guide desc r ib ing  

A sample nonequi l ibr ium 

2 .2  GOVERNING EQUATIONS 

The governing equa t ions  f o r  g e n e r a l  three-dimensional chemical ly  react- 

i n g  f low w i t h  N s p e c i e s  and M r e a c t i o n s  as modeled i n  t h e  GIM code inc lude  

t h e  fol lowing:  

Global Continuity Equation 

Momentum Equations 

where 

(2.1) 

i=1 ,2 ,3  

(2.2b) 

Energy Equation 
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where 

u u  N T 3 

c d T + h f  \ - : + C y  
j -1 p i  i i=l 0 

S p e c i e s  Cont inu i ty  Equations 

3 
= o  

at 
j =1 

( 2 . 3 b )  

( 2 . 3 ~ )  

( 2 . 4 a )  

where 

( 2 . 4 d )  

j=l,M 

B " 

j J j j kb = A': (T - T i  ) j exp[Cj'/%/(T - T l  ) 

= exp(-A Gj/!RT> j=l,M ( 2 . 4 f )  
KPj 
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N 

Equation of S t a t e  

N c  
p = p ! R T x L  - 

i=l i m 
(2 .5)  

Writ ten  i n  t h e  conserva t ion  v e c t o r  format employed i n  t h e  GIM code, E q s .  

(2.1) through (2.4)  become 

J j =1 

where U, E j ,  and H are  g iven  below: 

u -  

P 

u1 
u2 
u3 

P e  

c1 

'N- 

0 

0 

m w  1 1  
- 

- .  
. "N "N- 

i P 8  + PI uj - E Uk Tjk - q, 

1 1  

uj c 1 -  p j  arj ac 1 

aCN 
j axj P u j C N - P P  - 

(2.6a) 

(2.6b)  
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2.3 COMPUTATIONAL MODEL 

The i n t e g r a t i o n  of Eqs. (2 .1)  through (2 .4) ,  o r  e q u i v a l e n t l y  equa t ion  

(2.6) ,  i s  n o t  as  s t r a igh t fo rward  as i t  i s  when t h e  flow f i e l d  i s  considered 

a lone .  The s p e c i e s  c o n t i n u i t y  Eqs. (2 .4a)  c o n t a i n  an  a l g e b r a i c  product ion  

o r  source  term, namely wi which most o f t e n  invo lves  a c h a r a c t e r i s t i c  time 

scale much smaller than  t h e  c h a r a c t e r i s t i c  t i m e  scale t y p i c a l l y  a s s o c i a t e d  

wi th  the  f l o w f i e l d  i n t e g r a t i o n .  

d i f f e r e n t i a l  equa t ions  which can  be computa t iona l ly  d i f f i c u l t  t o  i n t e g r a t e .  

' h o  t echniques  are a v a i l a b l e  i n  the  G I M  code t o  i n t e g r a t e  t h i s  s e t  of equa- 

t i o n s .  Both techniques  employ t h e  MacCormack (Ref.  l) e x p l i c i t  p red ic to r -  

c o r r e c t o r  scheme t o  i n t e g r a t e  the  f low f i e l d  Eqs. (2.1) through (2.3).  The 

s p e c i e s  c o n t i n u i t y  Eqs. (2 .4)  are i n t e g r a t e d  using an  i t e r a t i v e  p red ic to r -  

cor rec tor -chemis t ry  scheme i n  which t h e  chemistry terms can  be so lved  e i t h e r  

e x p l i c i t l y  o r  i m p l i c i t l y  a t  t h e  o p t i o n  of t h e  user .  The e x p l i c i t  scheme can 

be s u b j e c t  t o  s e v e r e  t i m e  s t e p  r e s t r i c t i o n s  but can  be computa t iona l ly  q u i t e  

e f f i c i e n t .  

t h e  time s t e p  but  r e q u i r e s  more computat ional  e f f o r t  pe r  time s t e p .  

This  r e s u l t s  i n  a set  of " s t i f f "  p a r t i a l  

The i m p l i c i t  scheme i s  not  n e a r l y  s o  r e s t r i c t e d  w i t 1 1  regard t o  

2 . 3 . 2  F1 owf i e I d  D i  f f ere nc i ng 

The MacCormack e x p l i c i t  p red ic to r - co r rec to r  d i f f e renc ing  scheme is 

always used t o  i n t e g r a t e  the  flowfield Eqs. ( 2 . 1 )  through ( 2 . 3 ) ,  o r  a l t e rn -  

a t i v e l y  t h e  f i r s t  5 of Eqs. (2 .6) .  Th i s  scheme as used i n  t h e  G I M  code i s  

g iven  by: 

P: 

PRECEDING PAGE BLANK NOT FILMED 
2-6 

(2.7a) 

(2.7b) 
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n+l I B[6Un+'] - 6 U  
C: 

p l i c i t l y ,  a t  u s e r  op t ion .  

p r e d i c t o r - c o r r e c t o r  d i f f e r e n c i n g  scheme t o  p r e d i c t  t h e  i n f l u e n c e  of convec- 

t i o n  and d i f f u s i o n  which is then  used i n  t h e  f i n a l  i t e r a t i v e  chemistry s t e p .  

This scheme a s  used i n  t h e  GIM code is given  below: 

This  method employs t h e  e x p l i c i t  MacCormack 

- 
n A t  n+l ( u n + l  = u + c) (6U + SU"+l> 

L I - - 
n+l At - 6 U  ) + 2  

un+l I iil 

(2.8a) 

(2.8b) 

( 2 . 8 ~ )  

I 2.3.3 Chemistry Dif fe renc ing  

3 
aF n 

axj 

- 
Sun+' = - - (Ej) 

j =1 

- - - 
n+l C: { B[6Un+'] - 6U 
- - 

n A t  n+l + un+l> = u + - (6U 2 

(2.9a) 

(2.9b) 

( 2 . 9 ~ )  

(2.10a) 

(2.  l o b )  

(2 .lOC) 
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r 7 7 1 

( 2. llb) 

(2.11c) 

where ($ is an adjustable parameter which can vary between zero and one, 
0 - -  < @ < 1. 

tion terms are treated explicitly or implicitly. 
the chemistry terms fully explicit, while a value of 4 = 1 yields a fu.lly 

implicit treatment, Typically, a value of $ = 0.5 is used which yields a 
second order trapezoidal-like integration scheme. If the magnitudes of 

the chemistry production terns are so large that the species continuity 
equations become stiff, then $ is adjusted toward a value of 1.0 so that the 

equations are integrated in a nearly fully implicit mode. 

The value of @ determines to what degree the chemistry produc- 
A value of @ = 0 renders 

Equations (2.11) are implicit in Un+l through the Hn+l term. These 

equations can be solved in an explicit manner through linearization of the 
tin+' and the method of successive substitutions or they can be solved as 

is via the Newton-Raphson method for nonlinear equations. 

2.3.3.1 Explicit Solution Technique 

n+l Equations (2.11) can be solved explicitly by linearizing the H 

term and then using the method of  successive substitutions. This is done as 

f OllOWS : 

Let Hn'l be approximated by 

2 -8 



where (aH/aU) i s  t h e  Jacobian  ma t r ix  a s s o c i a t e d  wi th  the  H v e c t o r  and where 

s u p e r s c r i p t  ( a )  i n d i c a t e s  e v a l u a t i o n  us ing  t h e  R t h  i t e r a t i o n  approximation 

of U n + l .  Combine Eqs. (2.11) and (2.12) t o  o b t a i n  

Equation (2.13) r e p r e s e n t s  N equa t ions  which are solved e x p l i c i t l y  a t  each 

n o d e ' i n  t h e  f low f i e l d  f o r  t h e  q u a n t i t y  

I A t  

f U('+') are g i v e n  by The v a l u e s  

(2.14) 

Equations (2.13) and (2.14) are i t e r a t e d  on L beginning w i t h  U ( l )  = U(O) 
= Un u n t i l  t h e  d i f f e r e n c e  U ('+'I - U(') becomes n e g l i g i b l e ,  a t  which 

t i m e  U - n+l = ,,(t+l). 

2.3.3.2 I m p l i c i t  S o l u t i o n  Technique 

Equat ions  (2.11) can be so lved  i m p l i c i t l y  by us ing  t h e  Newton-Raphson 

method f o r  non l inea r  equa t ions  as fo l lows :  

2-9 



Combine Eqs. (2.11) and d e f i n e  F n+l 

L -I 
(2.15a) 

then 

(2.15b) 

where s u p e r s c r i p t  (2)  i n d i c a t e s  e v a l u a t i o n  us ing  the  R t h  i t e r a t i o n  approx- 

imat ion of Un+l  and 

( 2 . 1 5 ~ )  

Combining Eqs. (2.15) y i e l d s  

+ (1 - $) Hn + $H(') (2.16) 

where I is t h e  i d e n t i t y  m a t r i x  and ( a H / a U )  i s  t h e  Jacobian  m a t r i x  a s s o c i a t e d  

wi th  t h e  H v e c t o r .  Equation (2.16) i s  a system of N equat ions  which must be 

solved a t  each  node i n  t h e  f low f i e l d  f o r  t h e  q u a n t i t y  

2-10 



The va lues  of U ( Q+l) are g iven  by 

(2.17) 

(1 )  = "(0) Equations (2.16) and (2.17) are i t e r a t e d  on R beginning wi th  U 

= Un u n t i l  t h e  d i f f e r e n c e  U ('+') - U(') becomes n e g l i g i b l e ,  a t  which 

t i m e  U n+l = u ( R+l) 

2.3.4 Decode Procedures 

Af te r  o b t a i n i n g  t h e  conserved v a r i a b l e s  a t  t h e  new t i m e  l e v e l  from Eqs. 

(2 .7)  and (2 .8)  p l u s  Eqs. (2.9) through (2.11), t h e  p r i m i t i v e  v a r i a b l e s  p ,  

ul, u2 ,  u3, e, ci, p ,  and T must be decoded. 

U g iven  i n  Eq. (2.6b) i t  can be s e e n  t h a t  most of t h e  p r i m i t i v e  v a r i a b l e s  

can be obta ined  simply by d i v i d i n g  U by p.  However, a more complex rela- 

t i o n s h i p  ex is t s  between p ,  T, E, and ci so t h a t  a s p e c i a l  decode procedure 

must be devised  i n  o r d e r  t o  o b t a i n  p and T. This decode procedure as ap- 

p l i e d  i n  t h e  GIM code i s  given as fo l lows  

From t h e  d e f i n i t i o n  of 

Given: p ,  ul,  u2,  u3, 6, and ci i = N a f t e r  each s t e p  

Find: p , T  

(T) = 0 s p e c i e  - hf lowf i e l d  Se t  h (2.18a) 

where 

(2.18b) 
(0 = 5 ci[hoi + lT c (6) dS + hf I 

i=l T pi il 
s p e c i e  

h 

0 
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and s o l v e  i m p l i c i t l y  f o r  T and then  p = p RT. 

To solve Eq. (2.18) d i r e c t l y ,  d e f i n e  hi(T) 

T 
hi(T) 2 h + c ( 6 )  d( + hF 

P i  i 
0 i To 

s o  t h a t  Eq. (2.18) becomes 

i-1 
o r  

1 2  - & + T q  = 0 
$ Ci(hi(T) - IT - 1 
1=1 ml i 

(2.1812) 

( 2 . 1 9 )  

With t h e  va lue  of t h e  f u n c t i o n  hi(T) a v a i l a b l e  a t  J d i s c r e t e  tempera ture  

a b s c i s s a ,  i . e . ,  

f o r  T = (j - 1) AT j = l , J  
h i (Tj)  = i, j j 

t h e  v a l u e  of  t h e  f u n c t i o n  a t  any  tempera ture  p o i n t  i n  t h e  range T1 5 T < 

TJ c a n  be r ep resen ted  by a second o r d e r  Lagrangian i n t e r p o l a t i o n  poly- 

nomial, i .e . ,  

- 
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where j is selected such that 

IT - Tjl - < AT j = 2, ..., J-1 
This can be further s i m p l i f i e d  using the constant AT assumption: 

1 - +'h T 2  
e [T hi,j-l hi,j T i,j+ll (EF)  

1 1 
+ [y j (j - 1) hi,j-l - j(j - 2) hi,j + - (j - 1) (j - 2) hi,j+ll 

Substituting this expression into Eq. (2.19) yields 

1 - + - h  1 c [- h i 2 i,j-1 hi,j 2 i,j+ll 

Equation (2.20) is a simple quadratic equation in ( T I A T )  of the form 

(2.21a) 
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with  the  s o l u t i o n  g iven  by 

where 

N 

(2.21b) 

(2.21c) 

i 31 

N 

N 

i-1 

(2.22) 

2.3.5 Vec to r i za t ion  Procedures 

As s t a t e d  e a r l i e r ,  a l l  of t h e  GIM code chemistry procedures are h ighly  

v e c t o r i z e d  so as t o  o b t a i n  maximum computa t iona l  e f f i c i e n c y  on t h e  CYBER 200 

series of supercomputers. This  i s  t r u e  f o r  t h e  product ion  and rate Eqs. 

(2.4b) through (2.4g); t he  e x p l i c i t  and i m p l i c i t  i n t e g r a t i o n  Eqs. (2.7) 

through (2.11),  (2.12) through (2 .14) ,  and (2.15) through (2.17);  and the  

decode procedure Eqs. (2.18) through (2.22).  The s o l u t i o n  of the  i m p l i c i t  

chemistry Eqs. (2.16) which i n v o l v e s  N simultaneous equa t ions  a t  each node 

i n  t h e  flow f i e l d  is a l s o  vec to r i zed .  This is p o s s i b l e  because of t h e  a lge -  

b r a i c  form of t h e  production term H w i t h  t h e  r e s u l t  t h a t  Eq. (2.16) c o n t a i n s  

unknown v a l u e s  only  a t  the  node of i n t e r e s t  and does not  i nvo lve  terms a t  

any o t h e r  node i n  t h e  flow f i e l d .  Therefore ,  i f  t h e r e  are NN nodes i n  the  

flow f i e l d  under c o n s i d e r a t i o n ,  t h e r e  w i l l  be NN systems of N simultaneous 

equat ions  t o  s o l v e  each system of which is independent of a l l  o t h e r  systems 

2-14 



I 

but i d e n t i c a l  i n  form. Since t h e  same sequence of mathematical  ope ra t ions  

must h e  app l i ed  t o  each of t h e  NN systems of equat ions  i n  o r d e r  t o  so lve  

them, t h i s  sequence of o p e r a t i o n s  can  be app l i ed  once t o  v e c t o r  d e s c r i p t o r s  

po in t ing  t o  corresponding e n t r i e s  i n  t h e  NN c o e f f i c i e n t  matrices and r igh t -  

hand s i d e ,  as  opposed t o  apply ing  t h e  same sequence t o  each  of t h e  NN sys- 

tems. These a l t e r n a t i v e s  are i l l u s t r a t e d  below: 

I 

i 

I 

Let Eq. (2 .16)  be represented  as 

M 2( = RHS (2.23a) 

where 

M = I- 

Ve c t o r i ze d Ap p roa  c h 

2-15 



Scalar Approach 

2.3.6 Artificial Numerical Diffusion 

Limited experience has indicated that some form of artificial numerical 

diffusion or viscosity must be introduced into the species continuity equa- 

tions (2.4a) to keep the solution smooth and physically consistent. 
particularly so in region of large concentration gradients on course compu- 
tational grids. 
developed following the motivation of McRae, Goodin, and Seinfeld (Ref. 2-2) 

and Forester (Ref. 2-3). 

diffusion-like term with a variable coefficient that responds to species 
gradients: 

This is 

The form for this artificial numerical diffusion term was 

The form consists of a simple second order 

( 2 . 2 4 )  

where 

E = a global coefficient of O(1); 

*ci = AX - , so that lql is a normalized gradient-sensitive 
Aci j axj 

coefficient; and 

( P  u Ax.) = coefficient for consistency with convection terms. 
j J  

This artificial numerical diffusion is incorporated into the species conti- 

nuity Eqs. (2.4a) through the diffusion coefficient z.: 
J 

2-16 



I 

’ 
1 

where 
nr = real diffusion coefficient 

Zdd; = artificial diffusion coefficient 

2.4 FROZEN FLOW AND EQUILIBRIUM FLOW MODELS 

2.4.1 Reaction Rate Limits 

Frozen flow and equilibrium flow are by definition the flow produced in 

the limit as the reaction rates become respectively infinitesimally small 

and infinitely large. Since the reaction rates appear explicitly only in 

the species continuity Eqs. (2.4a) via the production term wi, the frozen 
flow and equilibrium flow limits can be obtained by considering the effect 

on these equations as the reaction rates become infinitesimally small and 

infinitely large. 

. 

Substituting Eqs. (2.4e) into Eq. (2.4b) yields 

M 
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where 

Then s u b s t i t u t i n g  Eq. (2.25) i n t o  t h e  s p e c i e s  c o n t i n u i t y  Eqs. (2.6) 

y i e l d s  

M 3 aE 
a t  A x = o  av + C ax, - * v i j  kf ,  j 

J j =1 J j =1 
(2.26) 

from which t h e  f r o z e n  f low and e q u i l i b r i u m  flow limits can be determined.  

2.4.2 Frozen Flow 

I n  t h e  f r o z e n  f l o w  l i m i t  as t h e  r e a c t i o n  rates become i n f i n i t e s i m a l l y  

small  t h e  e f f e c t  of chemical product ion  becomes n e g l i g i b l e  s o  t h a t  convec- 

t i o n  and d i f f u s i o n  dominate t h e  t i m e  rate of change of t h e  s p e c i e s  concen- 

t r a t i o n s .  I n  t h i s  l i m i t  t h e  s p e c i e s  c o n t i n u i t y  Eqs. (2.26) become 

+ 2 2 = 0 (Frozen Flow) 
a t  8x4 

J j 
(2.27) 

S ince  b = 0 and hence H = 0, t he  chemis t ry  s t e p  of t h e  d i f f e r e n c i n g  scheme, 

Eq. (2 .11) ,  is supe r f luous  and i s  n o t  used. 

2.4.3 Equi l ibr ium Flow 

The equ i l ib r ium flow l i m i t  c an  be ob ta ined  by d i v i d i n g  Eq. (2.26) by each 

kf , one a t  a t i m e ,  and a l lowing  kf t o  become i n f i n i t e l y  l a r g e .  This  l i m i t i n g  
j j 

process  a p p l i e d  f o r  t h e  M d i f f e r e n t - k f  's y i e l d s  
j 
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x = o  j=1 ,2 ,  ..., M j 

from which 

b = H = O  
i 

( 2 . 2  8a)  

(2.28b) 

which i s  t h e  s t eady  s t a t e  equ i l ib r ium f low l i m i t .  

I n  o r d e r  t o  o b t a i n  t h i s  s t e a d y  s t a t e  l i m i t ,  t h e  unsteady term i n  Eq. 

(2.26) i s  r e t a ined .  Furthermore,  f o r  s t a b i l i t y  c o n s i d e r a t i o n s ,  t h e  a r t i -  

f i c i a l  numerical  d i f f u s i o n  term i s  a l s o  r e t a i n e d .  

l i m i t  of t he  s p e c i e s  c o n t i n u i t y  equa t ions  a s  used i n  t h e  G I M  code i s  g iven  

by Eqs. (2 .6)  wi th  t h e  convect ion terms omi t ted ,  i . e . ,  

Thus t h e  equ i l ib r ium flow 

a .  - .  
(2.29) 

- 
i=l .N 

(Equi l ibr ium Flow) 

This l i m i t i n g  form of the  s p e c i e s  c o n t i n u i t y  equat ions  a l lows  the  e q u i l i b -  

rium s o l u t i o n  t o  be obta ined  wherein t h e  chemical product ion dominates the  

time rate  of change of t he  s p e c i e s  concen t r a t ions  wi th  convec t ion  and real  

d i f f u s i o n  being n e g l i g i b l e .  

2.5 INPUT G U I D E  

2.5.1 General  

The G I M  code chemical ly  r e a c t i n g  f low model c o n s i s t s  of a s e t  of UPDATE 

d i r e c t i v e s  and code t o  be used w i t h  t h e  INTEG i n t e g r a t i o n  module and t h e  

DYNDIM dynamic dimensioning module. These UPDATE d i r e c t i v e s  are loca ted  on 

a semi-pr ivate  f i l e  named CHEMOD on u s e r  number 838700C. CHEMOD c o n t a i n s  

two l o g i c a l  records .  The f i r s t  record c o n t a i n s  t h e  UPDATE d i r e c t i v e s  f o r  

t h e  INTEG i n t e g r a t i o n  module; t he  second c o n t a i n s  the  UPDATE d i r e c t i v e s  f o r  
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t he  DYNDIM dynamic dimensioning module. Both sets must be used wi th  t h e i r  

r e spec i tve  modules i n  o rde r  t o  g e n e r a t e  t h e  G I M  code chemical ly  r e a c t i n g  

f low mode 1. 

2.5.2 NOS S ide  Runstream Information 

Figure 2-1 i l l u s t r a t e s  a t y p i c a l  NOS "f ron t -s ide"  o r  "Z-machine" run- 

stream f o r  use  wi th  the  G I M  code chemical ly  r e a c t i n g  flow model. 

2.5.3 CYBER 203 Runstream Information 

Figure  2-2 i l l u s t r a t e s  a t y p i c a l  CYBER 203 runstream f o r  use wi th  the 

G I M  code chemica l ly  r e a c t i n g  f low model. 

2.5.4 Dynamic Dimensioning Input  Data Summary 

The G I M  code chemica l ly  r e a c t i n g  f low model r e q u i r e s  dynamic dimension- 

i n g  i n p u t  d a t a  t h a t  d i f f e r  somewhat from t h a t  normally a s s o c i a t e d  wi th  

INTEG. 

t i o n  of each i n p u t  v a r i a b l e .  

Th i s  s e c t i o n  p r e s e n t s  a summary of t h e s e  d a t a  and a b r i e f  descr ip-  

The dynamic dimensioning d a t a  f o r  t h e  G I M  code chemical ly  r e a c t i n g  flow 

model are i n p u t  on one ca rd  i n  a 915 i n t e g e r  format .  The i n t e g e r s  are 

always r i g h t  j u s t i f i e d  i n  f i v e  colume increments.  The input  v a r i a b l e s  are:  

MN,IDIM,NSPEC,NREAC,NCATS ,NSP,MNB,METHOD,IDYN 

MN - 

The t o t a l  number of nodes i n  t h e  problem ( e l l i p t i c  run)  o r  t h e  number 

of nodes i n  t h e  i n i t i a l  c r o s s  p lane  (quas i -parabol ic  run ) .  
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I 

/ J O B  

/NOSEQ 

RUNCHM,CM60000,T400. 

USER(750978C,PASWRD) 

CHARGE(0123456,LRC) 

GET(OLDPL=INTEG,CHEMOD/UN=8387ooC) 

UPDATE(F,C=TWE8,L=A12) 

RETURN( OLDPL) 

GET(OLDPL=UTILOPL/UN=8387OoC) 

UPDATE (I=CHE24OD) 

FTN(I=COMPILE,B=DYNDIM,L=o,A) 
MAP ( OFF ) 

DYNDIM . 
RENAME (INTGS=TAPE3) 

RETURN(OLDPL,DYNDIM,CHEMOD,TAPE8,COMPILE) 

ATTACH( FILE20) 

ATTACH(FILE17 or FILE21) 

TOSTAR(INPUT,INTGS,FILE2O,FILEl7=BI or FILE21=BI) 
DAYFILE(N0SDAY) 

REPLACE(N0SDAY) 

EXIT. 

DAYFILE( NOSDAY) 

REPLACE(N0SDAY) 
EXIT. 

/EOR 

*READ,CHEMOD 

Any o the r  UPDATE Directives 

/ EOR 
6534 2 5 2 0 329 326 2 0  

/ EOR 

Fig. 2-1 - NOS Runstream 
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B STORE 750978 400SDS RUNCHM 

STRSIDE , T500. 
REQUEST(FILE22/2000) 
FZQUEST( JANAF/2000) 

FORTRAN(I=INTGS,B=INTGB/3~~yL=ERRFTN,0PT=B) 

LOAD(INTGB,OU=ERRLOD,CN=INTEGO,~~~~,CDF=~~~~ 
,GRLP=*TMVEC , *PRIM, *EBUF, *VPROP ,GRLP=WBUF, *BOUND, *DELXYZ , *AXSYN 
,GRLP=*XBUF1,GRLP=*XBUF~,GRLP=*TAUP,*TAUy*TAUFy*QPNODy*SECORD 
,GRSP=*IOUMIT, *CNTRL, *TRANSP , *TDATA, *VECP, *SQ, *PM, *SUBSBC, *USER 
,MZONE,*QPCOM,*QPPRNT,*CVGCOM,*CHEM,*THERMO 

, GROL=*Q 3MAP ) 
INTEGO. 

TOS(Z=75097SCYFILE22,JANAF) 

DAYFILE( STRDAY) 
EXIT. 
TOAS (Z=7 50978C ,ERRFTN, ERRLOD, FILE22, JANAF) 

DAYFILE( STRDAY) 
EXIT. 
/ EOR 

INTEG Input Data 

Chemically reacting flow model input data 

/ EOR 

Fig. 2-2 - CYBER 203 Runstream 
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I D I M  - 

The spatial dimension of the problem. 

I D I M  = 1 axisymmetric flow 
= 2 two-dimensional flow 

= 3 three-dimensional flow 

NSPEC 

The number of reactive chemical species in the problem. 

NREAC 

The number of chemical reaction mechanisms (equations) considered. 

NCATS 

NSP - 

MNB - 

The number of nonreacting catalytic or “third-body‘’ species. 

The number of special node terms. 

The number of boundary node terms. 

METHOD 

Elliptic/Quasi-Parabolic f l a g .  

METHOD - < 2 Elliptic run 
> 2 Quasi-Parabolic run 
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TDYN 

Dynamic assembly f l a g .  

I D Y N  = 0 Regular G I M  code run  

# 0 Dynamic assembly G I M  code run  

2.5.5 Input Card Summary 

The G I M  code chemica l ly  r e a c t i n g  f low model r e q u i r e s  some chemistry 

i n p u t  d a t a  i n  a d d i t i o n  t o  and immediately fo l lowing  the  normal INTEG i n t e -  

g r a t i o n  i n p u t  da t a .  This  s e c t i o n  p r e s e n t s  a summary of t h e  input  ca rds  and 

formats  used t o  inpu t  t h i s  chemistry d a t a .  

v a r i a b l e  and i t s  op t ions  i s  presented  i n  Sec t ion  2.5.6. Afte r  a u s e r  be- 

comes f a m i l i a r  w i t h  t h e  chemistry i n p u t s ,  t h i s  summarized i n p u t  gu ide  can be 

used t o  qu ick ly  i d e n t i f y  each ca rd  and i t s  con ten t s .  

A d e s c r i p t i o n  of each inpu t  

Severa l  formats  are  used t o  i n p u t  t h e  chemistry d a t a  t o  t h e  G I M  code 

chemica l ly  r e a c t i n g  f low model. These inc lude :  

ALPHANUMERIC A l ,  A6, and A8 

INTEGER I1 and I 5  

REAL F5.0 and E 1 O . O  

I n t e g e r s  are always r i g h t  j u s t i f i e d  i n  one o r  f i v e  column increments .  

Decimal o r  f l o a t i n g  po in t  d a t a  occupy f i v e  o r  t e n  columns each wi th ,  p re fe r -  

a b l y ,  a decimal  p o i n t  punched on t h e  ca rd .  

The G I M  code chemical ly  r e a c t i n g  f low model i s  a c t i v a t e d  by s e l e c t i n g  

the  a p p r o p r i a t e  va lue  f o r  t h e  INTEG i n p u t  v a r i a b l e  ISPEC ( s e e  Ref. 2 - 4 )  as  

fo l lows  : 
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ISPEC = 0 regular G I M  code single gas calculation 
(no chemistry) 

= 1 frozen flow calculation 

= 2 equilibrium flow calculation 

= 3 nonequilibrium finite rate reaction calculation 

For ISPEC > 0, the input data shown on the following page must be provided: 
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VARIABLE LIST/ FORMAT CARD TYPE 

c1 

c2 

c3 

NSPEC, NRSPC, NREAC, NCATS, NTIP, ITCHEN, ISTIFF, IXOPT, 
IOPT, IMOLE, ICHUN 

(1115) 

CSTOL(I), I=1,5 
(5E10.0) 

CPCF, HCF, SCF, RRCF (LCONV(I), I-1,4) 
(4E210.0,4A8) 

LSPID(I), WM(I), HFM( I) 

I (8E10.0) 

(A6,4X,2E10.0) 

[TIP(J), (CPHS(J,K,I),K=l,3), TIP(J+l), 
(CPHS(J+l,K,I),K=1,3] J=l,NTIP,2 

I c4 

c5 

C6 

c7 

C8 

c9 

LSP ID (I+NSPEC) 

It1 , NCATS [ WFM(I,J), J=l,NSPEC 1:11..) 
[ (RTYPE(1, J) ,1=1,2), (LREAC( I), I=1,78) J 

(211,78A1) 

131, NSPEC 

J =1, NREAC 

[(RRATC(I,K,J),I=1,5] K=1,1 or 2 J=1, NREAC 
(5E10.0) 

c10 NJ, INC, NTOT, ITYPE 

c11 

[ I  

I )  

denotes card i s  repeated one or more times as indicated. 

denotes card group is repeated one or more times as indicated. 
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2.5.6 , a c r i p t i o n  of Input  Data 

This  s e c t i o n  p r e s e n t s  a d e s c r i p t i o n  of t h e  inpu t  v a r i a b l e s  l i s t e d  i n  

Sec t ion  2.5.5. Each v a r i a b l e  i s  i d e n t i f i e d  as  t o  i t s  usage i n  t h e  GIM code 

cliemially r e a c t i n g  f low model wi th  o p t i o n s  and s tandard  v a l u e s  a l s o  g iven .  

A l l  11 ca rd  types  are not  n e c e s s a r i l y  inpu t  f o r  a g iven  problem. Some of 

the c o n t r o l  v a r i a b l e s  o n  card type  C 1 ,  f o r  example, d i c t a t e  which op t ions  

have been s e l e c t e d  and hence which i n p u t  c a r d s  are requi red .  

t i o n  i s  g iven  i n  t h e  d i s c u s s i o n  of each v a r i a b l e  t o  be inpu t .  Each inpu t  

ca rd  which i s  read  i s  a l s o  p r i n t e d  o u t  t o  a i d  t h e  u s e r  i n  debugging a 

problem s e t u p .  

- 

This informa- 

CARD TYPE C 1  - Chemistry Cont ro l  Var i ab le s  

FORMAT (815) 

NSPEC 

The t o t a l  number of independent chemical s p e c i e s  i n  t h e  problem being 

run. 

NSPEC > 1 - 
Any number of s p e c i e s  may be cons idered  i n  a g iven  problem, s u b j e c t  only t o  

the  l i m i t a t i o n s  o f  s t o r a g e  and run  time (CRUS) a v a i l a b l e .  A va lue  of NSPEC 

less than 1 i s  a n  e r r o r  and t e rmina te s  t h e  run  immediately. 

NRSP C 

The number of r e a c t i v e  chemical s p e c i e s  ( a s  opposed t o  i n e r t  s p e c i e s )  

i n  t h e  problem being run. 

1 < NRSPC < NSPEC - - 

NRSPC should i n  g e n e r a l  be se t  e q u a l  t o  NSPEC.  However, i f  i n e r t  chemical 

s p e c i e s  are p r e s e n t ,  then  s e t t i n g  NRSPC less than  NSPEC can  save  s u b s t a n t i a l  

amounts of computat ional  resources .  
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NREAC 

The number of chemical r e a c t i o n  mechanisms (equat ions)  considered.  

NREAC - > 1 

- < 0 

chemica l ly  r e a c t i n g  flow 

f r o z e n  f low (no r eac t ions )  

Any number of r e a c t i o n s  may be cons idered  i n  a g iven  problem, aga in  s u b j e c t  

only t o  t h e  l i m i t a t i o n s  of s t o r a g e  and run  t i m e .  

NCATS 

The number of nonreac t ing  c a t a l y t i c  o r  “third-body‘’ spec ie s .  

Any number of c a t a l y t i c  s p e c i e s  may be inc luded  i n  a g iven  problem. 

NTIP - 

The number of  thermodynamic i n t e r p o l a t i o n  p o i n t s  i n  t h e  s p e c i e s  tliermo- 

dynamic d a t a  t a b l e s .  The u s e r  must i n p u t  a s e t  of thermodynamic d a t a  t a b l e s  

f o r  each of t h e  NSPEC chemical s p e c i e s  i n  t h e  problem. These t a b l e s  c o n s i s t  

of t h e  s p e c i f i c  h e a t  a t  cons t an t  p re s su re ,  s e n s i b l e  en tha lpy ,  and en t ropy  a t  

each of NTIP temperature  p o i n t s .  These d a t a  can e i t h e r  be read i n  as  inpu t  

o r  can be read  from a previous ly  c r e a t e d  coded f i l e  named JANAF, depending 

on t h e  s i g n  of  NTIP. 

1 

NTIP > 0 read  d a t a  from inpu t  

NTIP < 0 read  d a t a  from JANAF f i l e  

If NTIP i s  g r e a t e r  t han  0 ,  t h e  JANAF f i l e  i s  au tomat i ca l ly  c r e a t e d  f o r  use 

on the  next  run. 

run immediately.  

A va lue  of NTIP equa l  t o  0 i s  a n  e r r o r  and te rmina tes  the 
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ITCHEM 

This  v a r i a b l e  c o n t r o l s  f requency of t h e  ca l l s  t o  t h e  chemistry rou- 

The chemis t ry  r o u t i n e s  are c a l l e d  eve ry  ITCHEMth i t e r a t i o n  ( t ime t i n e s .  

s t e p ) .  Genera l ly ,  f o r  f rozen  f low (ISPEC = 1 )  o r  nonequi l ibr ium flow (ISPEC 

= 3 )  ITCHEM should be set  t o  1 s o  t h a t  t h e  chemistry r o u t i n e s  are c a l l e d  on 

every i t e r a t i o n .  For equ i l ib r ium flow (ISPEC = 2 )  o r  f o r  f lows where t h e  

chemistry i s  n e a r  s t eady  s t a t e  ITCHEM can  be set  t o  l a r g e r  va lues .  A value  

of  ITCHFB equa l  t o  0 d e a c t i v a t e s  t h e  chemistry r o u t i n e s  so  t h a t  they are 

never  c a l l e d .  I n  t h i s  case t h e  s p e c i e s  d i s t r i b u t i o n s  w i l l  remain a t  t h e i r  

i n i t i a l  va lues .  

ISTIFF 

S t i f f  Chemistry Equat ion Option. I f  t h e  magnitude of t h e  s p e c i e s  pro- 

duc t ion  tern,  (and hence H), becomes l a r g e ,  a numerical  s o l u t i o n  of t he  

s p e c i e s  c o n t i n u i t y  equa t ions  can  be d i f f i c u l t  t o  o b t a i n  f o r  a l l  but  t he  

smallest of time s t e p s .  In  o rde r  t o  overcome t h i s  severe t i m e  s t e p  restric- 

t i o n ,  t he  parameter  @ can be a d j u s t e d  toward a va lue  of 1.0. Th i s  renders  

t h e  t rea tment  of t he  chemistry terms more i m p l i c i t  and easier t o  s o l v e  f o r  

l a r g e r  t i m e  s t e p s  a t  t h e  expense of l o s i n g  second o rde r  a c c u r t e  t r ack ing  of 

t he  t r a n s i e n t  behavior .  Control  of t h e  parameter @ i s  s e l e c t e d  v i a  ISTIFF. 

ISTIFF = 0 n o n s t i f f  equa t ions ;  @I = 0.5 f o r  second o rde r  
a c c u r a t e  t r apezo ida l - l i ke  i n t e g r a t i o n  of 
chemistry product ion  terms. 

= 1 s t i f f  equa t ions ;  0.5 < @ < 1.0, c a l c u l a t e d  
i n t e r n a l l y  s o  t h a t  chemistry product ion  terms 
are t r e a t e d  more i m p l i c i t l y  as i n c r e a s e s .  
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IXOPT 

IMOLE 

Implicit/explicit chemistry integration option. The user can select 

the implicit chemistry solution technique, the explicit chemistry solution 
technique or a combination of the two through the use of IXOPT: 

IXOPT = 1 explicit chemistry solution technique 
= 0 

= -1 implicit chemistry solution technique 
implicit/explicit chemistry solution technique 

If the user selects the combined explicitlimplicit chemistry solution tech- 

nique (IXOPT = 0), the program determines which technique t o  use on each 

time step based on the maximum local change of'the species concentrations 

and the CSTOL tolerances (card t y p e  C 2 ) .  Frozen flow (ISPEC = 1) automatic- 
ally selects IXOPT = 1 for the explicit technique only. 

I OPT 

Chemical species output option. The user can select the type of  chem- 
ical species data to be output with the usual flowfield data via IOPT: 

IOPT = 0 flow field only; no chemistry data 

= 1 flow field + species mass (or mole) 
fractions 

= 2 flow field + species mass (or mole) 
fractions + species production rates 

Mole fraction/mass fraction option. The GIM code chemically reacting 

flow model inputs and outputs the species concentrations in terms of mass 
fraction (by default), Input and output in terms of mole fractions can be 

selected using IMOLE as indicated below: 
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IMO1,E = 0 i n p u t  and ou tpu t  i n  mass f r a c t i o n s  

= 1 inpu t  and output  i n  mole f r a c t i o n s  

ICHUN 

Chemistry d a t a  u n i t s  and u n i t  convers ion  opt ion .  The G I M  code chem- 

i c a l l y  r e a c t i n g  flow model r e q u i r e s  a v a r i e t y  of chemical in format ion  t o  

d e s c r i b e  t h e  r e a c t i o n s  and s p e c i e s  involved. More o f t e n  than  n o t ,  t h e s e  

d a t a  as  taken  from JANAF t a b l e s ,  exper imenta l  c a l c u l a t i o n s ,  and o t h e r  

sou rces  is n o t  i n  t h e  c o r r e c t  set of u n i t s  f o r  use  i n  t h e  i n t e g r a t o r  module. 

Converting t h e  d a t a  by hand be fo re  us ing  i t  as  i n p u t  t o  t h e  i n t e g r a t i o n  

module can be t e d i o u s  and t i m e  consuming. By s e l e c t i n g  t h e  a p p r o p r i a t e  

I C H U N  o p t i o n s  and i n  con junc t ion  wi th  t h e  convers ion  f a c t o r s  s p e c i f i e d  on 

card  type  C3, t h e  user can  i n p u t  chemistry d a t a  i n  whatever u n i t s  are con- 

ven ien t  and a l low the  program t o  perform a l l  d a t a  convers ion  c a l c u l a t i o n s .  

The i n i t i a l  va lue  of ICHUN i s  0 i n d i c a t i n g  no i n t e r n a l  chemistry d a t a  

convers ion .  

t i o n  by adding t h e  fo l lowing  va lues  t o  ICHUN: 

The va r ious  I C H U N  o p t i o n s  can then be s e l e c t e d  i n  any  combina- 

I C H U N  = 0 

+ 1  

+ 2  

+ 4  

no chemistry d a t a  conversion; chemistry d a t a  used 
as  inpu t  t o  t h e  program 

g e n e r a l  chemistry data convers ion;  a p p r o p r i a t e  
d a t a  items are m u l t i p l i e d  by u s e r  s p e c i f i e d  con- 
v e r s i o n  f a c t o r s  ( s e e  ca rd  type  C3) 

p e r  mole t o  p e r  u n i t  mass conversion; a p p r o p r i a t e  
d a t a  items are d iv ided  by s p e c i e s  molecular 
weight (Note: All G I M  code chemically r e a c t i n g  
flow model c a l c u l a t i o n s  are  performed i n t e r n a l l y  
on a pe r  u n i t  mass b a s i s .  Therefore ,  a l l  chem- 
i s t r y  d a t a  must be e i t h e r  i npu t  on t h a t  b a s i s  o r  
converted t o  t h a t  b a s i s . )  

r e a c t i o n  rate p e r  par t ic le  t o  p e r  mole conver- 
s i o n ;  a p p r o p r i a t e  r e a c t i o n  ra te  d a t a  are mul t i -  
p l i e d  by Avogadro's number 
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I n  a d d i t i o n  t o  the  va lue  inpu t  f o r  ICHUN, the  s i g n  of ICliUN a l s o  Iias 

s i g n i f i c a n c e .  I f  ICHUN i s  inpu t  as  a p o s i t i v e  number, t h e  chemistry d a t a  i s  

p r in t ed  o u t  a s  i n p u t  he fo re  any d a t a  conversion.  I f  ICHUN i s  inpu t  as a 

negat ive  number, t h e  chemistry d a t a  are p r i n t e d  o u t  both as inpu t  before  

d a t a  convers ion  and then a g a i n  a f t e r  d a t a  convers ion  has  occurred.  
- 

CARD TYPE C2 - Chemistry Cont ro l  Tolerances  

FORMAT (4E10.0) 

Note: Card type  C 2  may be l e f t  b lank  i f  d e s i r e d  i n  which case t h e  i n d i c a t e d  
nominal v a l u e s  w i l l  he  used f o r  CSTOL(1-4). 

CSTOL(1) (Nominal va lue  = 1.OE-4) 

Trace s p e c i e s  to l e rance .  Spec ie s  whose mass f r a c t i o n  f a l l s  below t h e  

s p e c i f i e d  va lue  of  CSTOL(1) a t  any node i n  t h e  flow f i e l d  are cons idered  t o  

h e  t r a c e  s p e c i e s  a t  t h a t  node. Trace s p e c i e s  are inc luded  i n  a l l  chemistry 

c a l c u l a t i o n s  but  are  not  inc luded  i n  a l g o r i t h m i c  d e c i s i o n s  i n  t h e  chemistry 

subrout ines .  

CSTOL(2) (Nominal va lue  = 0.10) 

Exp l i c i t - t o - impl i c i t  chemis t ry  i n t e g r a t i o n  to l e rance .  I f  IXOPT i s  

inpu t  as  0 ,  t h e  chemistry r o u t i n e s  can  swi t ch  from e x p l i c i t  i n t e g r a t i o n  of 

t he  s p e c i e s  c o n t i n u i t y  equa t ions  t o  i m p l i c i t  i n t e g r a t i o n .  CSTOL(2) c o n t r o l s  

t he  p o i n t  a t  which the swi t ch  i s  made. 

g r a t i o n  s t e p ,  t h e  fol lowing c r i t e r i a  i s  examined: 
After each e x p l i c i t  chemistry i n t e -  

Ac 
MAXIeI > CSTOL(2) f o r  a l l  c i > CSTOL(1) 

i=1, NSPEC 

If the  c r i t e r i a  are s a t i s t i e d ,  then  t h e  swi t ch  i s  made from e x p l i c i t  chem- 

i s t r y  i n t e g r a t i o n  t o  i m p l i c i t  chemis t ry  i n t e g r a t i o n  on t h e  next  time s t e p .  

2-32 



I f  t h e  c r , i t e r ia  a re  not s a t i s f i e d ,  then  t h e  program cont inues  t o  use ex- 

p l l c i t  chemis t ry  i n t e g r a t i o n .  I f  IXOPT i s  not  i npu t  as 0, t hen  no switch- 

i n g  of  chemis t ry  i n t e g r a t i o n  scheme i s  p o s s i b l e  and the  va lue  of  CSTOL(2) i s  

i r re l e v a n t  . 

CSTOT,(3) (Nominal va lue  = 1.OE-10) 

I m p l i c i t - t o - e x p l i c i t  chemistry i n t e g r a t i o n  to le rance .  I f  IXOYT is 

i n p u t  a t  0, t h e  chemistry r o u t i n e s  can  s w i t c h  from i m p l i c i t  i n t e g r a t i o n  of 

t h e  s p e c i e s  c o n t i n u i t y  equa t ions  t o  e x p l i c i t  i n t e g r a t i o n .  CSTOL(3) c o n t r o l s  

t h e  p o i n t  a t  which t h e  swi t ch  i s  made. Before each i m p l i c i t  chemistry i n t e -  

g r a t i o n  s t e p  ( immediately fo l lowing  t h e  e x p l i c i t  p r o v i s i o n a l  s t e p ) ,  t h e  

I fo l lowing  c r i t e r i a  are examined: 

Ac 
MAXlel < CSTOL(3) f o r  a l l  ci > CSTOL(1) 

i=1, NRSPC 

I f  t h e  c r i t e r i a  are s a t i s f i e d ,  then  t h e  swi t ch  i s  made from i m p l i c i t  chem- 

i s t r y  i n t e g r a t i o n  t o  e x p l i c i t  chemis t ry  i n t e g r a t i o n  on t h e  next  t i m e  s t e p .  

I f  t h e  c r i t e r i a  are n o t  s a t i s f i e d ,  then t h e  program con t inues  t o  use  i m -  

p l i c i t  chemis t ry  i n t e g r a t i o n .  Care must be exe rc i sed  i n  s e l e c t i n g  a va lue  

f o r  CSTOL(3), p a r t i c u l a r l y  f o r  equ i l ib r ium and nonequi l ibr ium f l o w s .  I f  the 

va lue  of CSTOL(3) is t o o  large,  t h e  program may swi tch  from i m p l i c i t  chem- 

i s t r y  i n t e g r a t i o n  t o  e x p l i c i t  chemis t ry  i n t e g r a t i o n  wh i l e  t h e  s p e c i e s  pro- 

d u c t i o n  terms are s t i l l  q u i t e  act ive.  Th i s  w i l l  r e s u l t  i n  numerical  i n s t a -  

b i l i t y  ( t i m e  s t e p  c r i t e r i a  v i o l a t i o n )  and t h e  c a l c u l a t i o n  w i l l  "blow up." 

I n  f lows  w i t h  p a r t i c u l a r l y  v i o l e n t  r e a c t i o n s ,  a very small va lue  f o r  

CSTOL(3) i s  recommended i n  o r d e r  t o  avoid  t h i s  d i f f i c u l t y ,  e .g . ,  

CSTOL(3) 1.OE-10 

If IXOPT is n o t  i n p u t  as 0, then  no swi t ch ing  of  chemistry i n t e g r a t i o n  

scheme if p o s s i b l e  and t h e  va lue  of CSTOL(3) i s  i r r e l e v a n t .  
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CSTOL(4) (Nominal va lue  = 1.0)  

Chemistry i t e r a t i o n  c u t o f f  t o l e rance .  During chemistry i n t e g r a t i o n ,  

t h e  chemistry Eqs. (2.13) o r  (2.16) are so lved  i t e r a t i v e l y  us ing  t h e  method 

of success ive  s u b s t i t u t i o n s  o r  t h e  Newton-Raphson method, r e s p e c t i v e l y .  

These equa t ions  are i t e r a t e d  u n t i l  t h e  d i f f e r e n c e  between success ive  

i t e ra tes  s a t i s f i e s  t h e  fo l lowing  c r i t e r i a :  

(E+l> - ( E )  
< CSTOL(4) f o r  a l l  ci > CSTOL(1) 

i=1, NSPEC 

'i 'i 
- MAX 

Limited exper ience  has  demonstrated t h a t  one i t e r a t i o n  i s  u s u a l l y  s u f f i c i e n t  
t o  ensu re  numerical  s t a b i l i t y .  Add i t iona l  i t e r a t i o n s  are c o s t l y  and  not  

u s e f u l  u n l e s s  a n  a c c u r a t e  t i m e  t r a n s i e n t  i s  sought  o r  u n l e s s  t h e  equa t ions  

are s t i f f .  Therefore ,  i f  on ly  t h e  s t e a d y  s t a t e  s o l u t i o n  is d e s i r e d  a n d  i f  

t h e  equa t ions  are no t  p a r t i c u l a r l y  s t i f f ,  CSTOL(4) should be se t  t o  a l a r g e  

va lue  (-1.0) s o  t h a t  t h e  i m p l i c i t  chemis t ry  r o u t i n e  w i l l  make only  one 

i t e r a t i o n  p e r  t i m e  s t e p .  I f  CSTOL(4) i s  se t  t o  a lower va lue ,  more i t e ra -  

t i o n s  w i l l  be made on each  t i m e  s t e p  bu t  under no c i rcumstances  w i l l  mote 

than 10 i t e r a t i o n s  be made 

CSTOL(5) (Nominal va lue  = 0.10) 

Chemistry Jacobian  Matr ix  Update Tolerance.  During chemis t ry  in t eg ra -  

t i o n  when Eqs. (2.13) o r  (2.16) are be ing  so lved  i t e r a t i v e l y ,  t h e  Jacobian 

m a t r i x  (aH/aU) can  be c a l c u l a t e d  on ly  once a t  t h e  beginning of  t h e  i t e r a t i o n  

process  o r  r e c a l c u l a t e d  on every  i t e r a t i o n .  The former approach i s  computa- 

t i o n a l l y  much less expensive than  t h e  l a t t e r  but  i s  not  accep tab le  i f  t h e  

equa t ions  are s t i f f  (aH/aU changing r a p i d l y  as a f u n c t i o n  of U). 

e s t a b l i s h e s  t h e  c r i t e r i a  t o  se lec t  which approach t o  use. 

fo l lowing  c r i t e r i a  i s  examined: 

CSTOL(5) 

If ISTTFFPO, the 
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I (Convection i- Diffus ion  Terms), I 
< CSTOL(5) (Spec ies  Product ion Terms) A I 

i=1 ,NRSPC i 

I f  t h e  c r i t e r i a  are  s a t i s f i e d ,  t h e  equa t ions  are assumed t o  be s t i f f  and the  

Jacobian ma t r ix  i s  r e c a l c u l a t e d  on every  i t e r a t i o n .  I f  the c r i t e r i a  i s  not  

s a t i s f i e d  o r  i f  ISTIFF=O, the  equa t ions  are assumed t o  be  non-s t i f f  and t h e  

Jacobian mat r ix  i s  c a l c u l a t e d  only  once a t  t h e  beginning of t h e  i t e r a t i o n  

process .  

CARD TYPE C 3  - Thermodynamic Conversion F a c t o r s  

FORMAT (4E10.0,4A8) 

Notes: 1. 

2. 

3. 

CPCF 

Inpu t  ca rd  type  C3 only  i f  MOD(CHUN , 2 )  = 0. 

I f  ca rd  type  C 3  i s  omi t ted  ( s e e  i l l )  o r  l e f t  b lank ,  CPCF, HCF, 
SCF, and RRCF w i l l  be set  t o  1 .0  i n t e r n a l l y  and LCONV w i l l  be 
blanked. 

- 

CPCF, HCF, and SCF sou ld  no t  be used t o  conver t  from a pe r  mole 
t o  a p e r  mass b a s i s .  Use t h e  I C H U N  op t ion  f o r  t h i s  purpose.  

- 

S p e c i f i c  h e a t  convers ion  f a c t o r .  CPCF should be s e t  equa l  t o  t h e  

factor  required to convert s p e c i f i c  heat data from input u n i t s  t o  the proper 

i f  IUNITS 2 -2 0 -1 2 -2 oK-l i n t e g r a t o r  module u n i t s  ( f t  sec R i f  IUNITS=l o r  cm sec 

= 2 ) .  

from f i l e  JANAF w i l l  be m u l t i p l i e d  by CPCF before  use  i n  t h e  program. 

Each of t h e  s p e c i f i c  h e a t  o r d i n a t e s  inpu t  on card  type  C 5  o r  read  - 

Example: S p e c i f i c  hea t  d a t a  are t aken  from thermodynamic t a b l e s  
i n  u n i t s  of cal/mole/OK and IUNITS = 2. 

CPCF should be s e t  e q u a l  t o  4.184 x l o 7  g c m 2  sec-2/cal. 
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Enthalpy convers ion  f a c t o r .  HCF should be set equa l  t o  t h e  f a c t o r  

requi red  t o  conver t  en tha lpy  d a t a  from i n p u t  u n i t s  t o  the  proper i n t e g r a t o r  

module u n i t s  ( f t  sec i f  IUNITS = 1 o r  cm sec i f  IUNITS = 2 ) .  Each of  the  

en tha lpy  o r d i n a t e s  i n p u t  on ca rd  type  C5 o r  read  from f i l e  JANAF w i l l  be 

m u l t i p l i e d  by HCF before  use  i n  t h e  program. 

2 -2 2 -2 

Example: Enthalpy d a t a  are t aken  from thermodynamic t a b l e s  i n  u n i t s  
of  kcal/mole and IUNITS = 2. 

HCF should be set  equa l  t o  4.184 x l o l o  g cm2 sec-2/kcal .  

Entropy c o n v e r s i o n  factor. SCF should be set equal  t o  t h e  f a c t o r  

r equ i r ed  t o  conve r t  en t ropy  d a t a  from i n p u t  u n i t s  t o  the  proper  i n t e g r a t o r  

module u n i t s  ( f t 2  sec 

2)  

JANAF w i l l  be  m u l t i p l i e d  by SCF be fo re  use  i n  the  program. 

i f  IUNITS = 2 -2 O f 1  i f  IUNITS = 1 o r  c m  sec -2 oR-l 

Each of  t h e  en t ropy  o r d i n a t e s  i n p u t  on ca rd  type C5 o r  read  from f i l e  

Example: Entropy d a t a  are t aken  from thermodynamic t a b l e s  i n  u n i t s  
of  BTU/mole/OR and IUNITS = 1. 

SCF should be set  e q u a l  t o  2.5036 x l o 4  lbm f t 2  sec'2/BTU. 

RRCF - 
Act iva t ion  energy convers ion  f a c t o r .  RRCF should be set  equa l  t o  the  

2 
f a c t o r  r equ i r ed  t o  conver t  a c t i v a t i o n  energy d a t a  (card type  C 9 )  from inpu t  

u n i t s  t o  proper  i n t e g r a t o r  module u n i t s  ( f t  sec-2 i f  IUNITS = 1 o r  

c m  sec if IUNITS = 2 ) .  Each of t h e  r e a c t i o n  r a t e  c o e f f i c i e n t s  C 

i n p u t  on  c a r d  type C9 w i l l  be  m u l t i p l i e d  by RRCF be fo re  u s e  i n  t h e  program. 

2 -2 
j 

Example: Ac t iva t ion  energy d a t a  are taken  from thermodynamic t a b l e s  
i n  u n i t s  of ca l /mole  and IUNITS = 1. 

RRCF should be set  equa l  t o  9.9287 x lo1 lbm f t 2  sec'2/cal. 
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LCONV 

Conversion f a c t o r  l a b e l .  LCONV i s  a 4 word l a b e l  which i s  used on t h e  

p r i n t o u t  as  a mnemonic dev ice  t o  d e s c r i b e  t h e  type of thermodynamic d a t a  

convers ions  r ep resen ted  by t h e  CPCF, HCF, SCF, and RRCF convers ion  f a c t o r s .  

Any alphanumeric in fo rma t ion  can  be used o r  LCONV can  be l e f t  blasnk. 

i s  s t r i c t l y  a mnemonic dev ice  and i n  no way a f f e c t s  t h e  c a l c u l a t i o n s .  

LCONV 

CARD TYPE C4 - Species  I d e n t i f i c a t i o n  Label,  Molecular Weight, and Heat 
of Formation 

FORMAT (A6,4X,2E20.0) 

Notes: 

1. Inpu t  card  types  C 4  and C5 only  i f  NTIP > 0 on card  C1. 

2. For NTIP > 0, the  i n p u t  sequence i s  - one c a r d  type  C4 followed by 

- 
s e v e r a l  c a r d s  of type  C5; t h e n  repeat t h e  sequence NSPEC times, 
c a r d  C4 - then c a r d s  C5, ca rd  C4 - then c a r d s  C5, e tc .  

3. The number of c a r d s  of type  C 5  t o  be i n p u t  a f t e r  each card  type 
C 4  is e q u a l  t o  (NTIP-1)/2 + 1. 

4 .  I n  t h e  subsequent i n p u t  d e s c r i p t i o n ,  t h e  s u b s c r i p t  I runs  from 1 
t o  NSPEC, i n d i c a t i n g  t h e  sequence of NSPEC groups of c a r d s  type 
C4 and C 5 .  

LSPID (I) 

Species  i d e n t i f i c a t i o n  l a b e l  f o r  t h e  Ith spec ie s .  Any alphanumeric 

d a t a  up t o  s i x  Charac t e r s  i n  l e n g t h  may be used. 

formula f o r  t h e  s p e c i e s  may be used bu t  t h i s  i s  n o t  r equ i r ed .  

methane might be r ep resen ted  by e i t h e r  CH4 o r  MTHANE. Note however t h a t  

whatever l a b e l  i s  used f o r  t h e  Ith s p e c i e s  i n  LSPID(1) - must a l s o  be used 

on ca rd  type  C 8  t o  r ep resen t  t h a t  s p e c i e s  i n  any r e a c t i o n  mechanisms. 

The e x p l i c i t  chemical 

For exanple, 
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Molecular weight  of t h e  Ith s p e c i e s .  

t h  Heat of format ion  of t h e  I spec ie s .  HFM(1) should be inpu t  i n  

u n i t s  c o n s i s t e n t  w i th  the  en tha lpy  o r d i n a t e s  i n p u t  on  ca rd  type  C5. Like t he  

en tha lpy  o r d i n a t e s ,  HFM(1) w i l l  be m u l t i p l i e d  by t h e  HCF conversion f a c t o r  

i f  MOD(ICHUN,2) # 0 and w i l l  be  d iv ided  by WM(1) if MOD(ICHUN/2,2) # 0.  

CARD TYPE C5 - Species  Thermodynamic P r o p e r t i e s  Data 

FORMAT (8E10.0) 

Notes 

1. The number of c a r d s  of t ype  C5 t o  be i n p u t  ( a f t e r  each of the  
NSPEC ca rd  type  C 4 )  is e q u a l  t o  (NTIP-1)/2 + 1. 

2. I n  t h e  subsequent i n p u t  d e s c r i p t i o n ,  t h e  s u b s c r i p t  J runs  from 1 
t o  NTIP (incremented by 2 ) ,  i n d i c a t i n g  the  sequence of NTIP 
thermodynamic abscissa and o r d i n a t e  p o i n t s  f o r  each of  t h e  NSPEC 
s p e c i e s .  

TIP(J) 

i 
Temperature a b s c i s s a  ( J th  va lue) .  Note t h a t  TIP i s  not  subsc r ip t ed  - 

w i t h  t h e  s u b s c r i p t  I which i m p l i e s  t h a t  t h e  same se t  of TIP must be inpu t  

f o r  each of t h e  NSPEC s p e c i e s  on ca rd  type  C 5 .  

should span t h e  range of tempera tures  expected over  t he  e n t i r e  flow f i e l d  

dur ing  t h e  time i n t e g r a t i o n .  I f  t h e  temperature  a t  any node i n  t h e  f l o w  

f i e l d  exceeds t h e  range of  t h e  TIP v a l u e s  du r ing  i n t e g r a t i o n ,  a n  execut ion  

d i a g n o s t i c  message i s  p r i n t e d  and t h e  c a l c u l a t i o n  t e rmina te s  (no ex t rapola-  

t i o n  i s  performed).  TIP va lues  need no t  begin a t  ze ro  degrees  nor  be 

e q u a l l y  spaced on i n p u t .  

-- - 
The NTIP va lues  of TIP 

However, TIP and i t s  a s s o c i a t e d  d a t a  o r d i n a t e s  
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I 

w i l l  be e x t r a p o l a t e d  t o  zero  degrees  and i n t e r p o l a t e d  t o  e q u a l l y  spaced 

abscissas i n t e r n a l l y  before  time i n t e g r a t i o n  begins. T I P  should  be inpu t  in 
u n i t  of OR (IUNITS = 1) o r  OK (IUNITS = 2 ) .  

CPHS(J,K,I), K=1,3 

Spec ies  thermodynamic d a t a  o r d i n a t e s  corresponding t o  t h e  Jth t e m -  

perature a b s c i s s a ,  TIP(J ) ,  f o r  t h e  Ith spec ie s .  

of t h e  fo l lowing  items: 

CPHS(J,K,I) d a t a  c o n s i s t  

CPHS(J,l ,I)  = s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  c ( T j )  
p i  

CPHS(J,2,I) = s e n s i b l e  en tha lpy  = 1 Tj cpi(c) dc  
TO 

CPHS(J,3,1) = ent ropy  = s i ( T j )  

The CPHS thermodynamic d a t a  o r d i n a t e s  f o r  a l l  s p e c i e s  should be inpu t  i n  

c o n s i s t e n t  u n i t s  and are s u b j e c t  t o  d a t a  convers ion  v i a  t h e  CPCF, HCF, and 

SCF f a c t o r s  i f  MOD(ICHUN,2) # 0 as  w e l l  as pe r  mole t o  pe r  u n i t  mass conver- 

s i o n  i f  MOD(ICHUN/2,2) # 0. 

TIP( J+l 

Temperature a b s c i s s a  (J+1 th va lue ) .  See TIP( J) above. 

CPHS(J+l,K,I), K=1,3 

Spec ies  thermodynamic d a t a  o r d i n a t e s  (J+lth va lues ) .  See CPHS(J,K,I) 

above. 
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CARD TYPE C6 - C a t a l y t i c  Spec ies  I d e n t i f i c a t i o n  Label 

FORMAT (A6) 

Notes 

1. Inpu t  card  types  C6 and C7 on ly  i f  NCATS > 0 and NREAC > 0 on 
c a r d  C1. 

- 

2.  For NCATS > 0, t h e  i n p u t  sequence I s  one card  type  C6 followed by - 
me o r  more c a r d s  of t ype  C 7 ;  then  r epea t  t he  sequence NCATS 
times, card  C6 - t h e n  c a r d s  C7, - t hen  c a r d s  C 7 ,  etc.  

3. The number of c a r d s  of t y p e  C7 t o  be inpu t  a f t e r  each ca rd  type  
C6 i s  e q u a l  t o  (NCATS-1)/16 + 1. 

4 .  I n  t h e  subsequent i n p u t  d e s c r i p t i o n ,  t he  s u b s c r i p t  I runs  from 1 
t o  NCATS, i n d i c a t i n g  t h e  sequence of NCATS groups of c a r d s  type  
C6 and C7.  

t h  Spec ies  i d e n t i f i c a t i o n  l a b e l  f o r  t h e  I c a t a l y t i c  s p e c i e s .  Any 

alphanumeric d a t a  up t o  s i x  c h a r a c t e r s  i n  l e n g t h  may be used. The e x p l i c i t  

chemical formula ( i f  any) may be used ,  bu t  t h i s  i s  no t  requi red .  Note t h a t  

whatever l a b e l  i s  used f o r  t h e  Ith c a t a l y t i c  s p e c i e s  i n  LSPID(I+NSPEC) 

- must a l s o  be used on ca rd  type  C 8  t o  r e p r e s e n t  t h a t  c a t a l y t i c  species i n  any 

d i rec t  ion  mechanism. 

CARD TYPE C7 - C a t a l y t i c  Spec ies  Weighting F a c t o r s  

FORMAT (16F5.0) 

Notes 

1. The number of c a r d s  of t ype  C7 t o  be i n p u t  ( a f t e r  each of the  
NCATS ca rd  type  C6) i s  e q u a l  t o  (NCATS-1)/16 + 1. 

2. I n  t h e  subsequent i n p u t  d e s c r i p t i o n ,  t h e  s u b s c r i p t  J runs  from 1 
t o  NSPEC, i n d i c a t i n g  t h e  NSPEC weight ing  f a c t o r s  f o r  each of t h e  
NCATS c a t a l y t i c  spec ie s .  
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Weighting f a c t o r  f o r  r e a c t i v e  s p e c i e s  J a s s o c i a t e d  wi th  t h e  Ith c a t a -  

l y t i c  s p e c i e s .  During r e a c t i o n  rate c a l c u l a t i o n s ,  t h e  presence  of c a t a l y t i c  

o r  "third-body" s p e c i e s  is inc luded  as a f i c t i t i o u s  mass f r a c t i o n  c o n s i s t i n g  

of t h e  weighted sum of t h e  r e a c t i v e  s p e c i e s  mass f r a c t i o n s .  A t  each node in 

t h e  f low f i e l d  t h e  Ith ca ta ly t ic  s p e c i e s  mass f r a c t i o n  is determined as 

fo l lows  : 

NSPEC 

C cati  Wmij Creacj 
j =1 

No r e s t r i c t i o n s  apply  t o  t h e  v a l u e s  of WFM(1,J). 

CARD TYPE C 8  - React ion  Mechanism Informat ion  

FORMAT (211, 78A1)  

Notes 

1. Inpu t  ca rd  type  C 8  - on ly  i f  NREAC > 0 on card  C1. 

2. For NREAC > 0, t h e  i n p u t  sequence is one c a r d  t y p e  C 8  f o r  each of 
the NREAC r e a c t i o n s  under cons ide ra t ion .  

3. I n  t h e  subsequent i n p u t  d e s c r i p t i o n ,  t h e  s u b s c r i p t  J runs  from 1 
t o  NREAC, i n d i c a t i n g  t h e  sequence of NREAC c a r d s  of t ype  C8. 

RTYPE(I,J), I=1 ,2 )  (Type INTEGER v a r i a b l e )  

Reac t ion  rate c o n s t a n t  type a s s o c i a t e d  wi th  r e a c t i o n  J. RTYPE(1,J) i s  

a s s o c i a t e d  w i t h  t h e  forward r e a c t i o n  rate cons t an t  wh i l e  RTYPE(2,J) is asso- 

c i a t e d  w i t h  t h e  backward r e a c t i o n  rate c o n s t a t .  RTYPE v a l u e s  are s e l e c t e d  

depending on t h e  a l g e b r a i c  form of  t h e  corresponding r e a c t i o n  rate c o n s t a n t  

c a l c u l a t i o n ,  as i n d i c a t e d  below: 
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0.0 (no r e a c t i o n  - backward r e a c t i o n  on ly )  

A ( c o n s t a n t )  

A exp(C/!R/ ( T-To) ) - 
A( T-To) 

A( T-To ) 

exp (C/!R/ ( T-To ) ) 
B D 

exp (C/a/ ( T-To 1 ) 
c a l c u l a t e d  from equ i l ib r ium cons tan t  (backward 
r e a c t i o n  on ly  (Eqs. (2.4e) through (2 .4g) ) .  

Note t h a t  t h e  va lue  of RTYPE(1,J) must be i n  t h e  fo l lowing  range: 

1 - < RTYPE(1,J) - < 5 

0 < RTYPE(2,J) - < 6 - 

LREAC(I) ,  1 ~ 1 ~ 7 8  

Reac t ion  mechanism equa t ion  f o r  r e a c t i o n  J. Each of t h e  NREAC reac- 

t i o n s  should be i n p u t  v i a  LREAC on s e p a r a t e  c a r d s  of type  C8. 

can c o n s i s t  of up t o  78  c h a r a c t e r s  i nc lud ing  blanks and must adhere t o  the  

fo l lowing  format:  

Each equa t ion  

SUM OF REACTANTS = SUM OF PRODUCTS 

where each r e a c t a n t  and each  product c o n s i s t s  of a n  o p t i o n a l  i n t e g e r  coef- 

f i c i e n t  and a LSPID s p e c i e s  i d e n t i f i c a t i o n  l a b e l .  I f  t h e  o p t i o n a l  i n t e g e r  

c o e f f i c i e n t  is p r e s e n t ,  i t  must be s e p a r a t e d  from the  LSPID l a b v e l  by a n  

a s t e r i s k  (*). I n d i v i d u a l  r e a c t a n t s  and products  are sepa ra t ed  by a p l u s  

s i g n  (+). I n  t h i s  format each  r e a c t i o n  equa t ion  should resemble a FORTRAN- 

l i k e  expres s ion ,  e .g . ,  

H2 + 02 = OH + OH 

2 * H20 = 2 * OH + H2 

A s  expla ined  above, t h e  c h a r a c t e r s  *, +, and = have s p e c i a l  s i g n i f i c a n c e  and 

should  only  be used t o  d e l i m i t  c o e f f i c i e n t  and s p e c i e s  (*), d i f f e r e n t  
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species (+), and reactants and products ( 0 ) .  In particular, these three 
special characters should not be used in any fashion in either the reactive 

species identification label (LSPID) on card type C4 or the catalytic 
species identification label on card type C6. Blanks are not significant 

and may be used for spacing as desired. 

CARD TYPE C9 - Reaction Rate Coefficients 
FORMAT (5E10.0) 

1. Input card type C9 - only if NREAC > 0 on card type C1. 

2. For NREAC > 0, the input sequence consists of one or two cards of 
type C9 for each of the NREAC reactions under consideration. One 
card is always input; the second card is input only if RTYPE(2,J) 
is greater than 0 and less than 6 on card type C8. 

3 .  In the subsequent input description, the subscript J runs from 1 
to NREAC. 

RRATC(I,l,J) 1=1,5) 

Forward reaction rate coefficients. RRATC(I,l,J) are the reaction rate 

coefficients for the forward reaction of reaction mechanism J. The 
RRATC(1,l.J) coefficients correspond to the rate coefficients in Eq. (2.4~) 
w i t h  

RRATC(l,l,J) = Ai pre-exponential factor 

RRATC(Z,l,J) = B' temperature exponent 

RRATC(3,1,J) 

RRATC(4,1,J) = D' temperature exponent 
RRATC(5,1,J) = T' reference temperature 

j 
activation energy 

= 

j 

Oj 

1 All five of these coefficients are input for each of the NREAC reactions. 
The value of RTYPE(1,J) on card type C8 determines which of the five are 
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significant in the calculation of the forward reaction rate. 

is subject to per particle to per mole conversion if MOD(ICHUN/4,2) = 0 and 

RRATC(3,1,J) is subject to data conversion via the RRCF factor if 
MOD(ICHUN,2) = 0. 

RRATC(l,l,J) 

RRATC(I,l,J) I=1,5 

Backward reaction rate coefficients. RRATC(I,2,J) are the reaction 

rate coefficients for the backward reaction of reaction mechanism J. The 
RRATC(I,Z,J) coefficients correspond to the rate coefficients in Eq. (2.4d) 
with 

RRATC(1,2,J) = A'.' pre-exponential factor 
RRATC(2,2,J) = B': temperature exponent 
RRATC(3,2,J) = C" activation energy 
RRATC(4,2,J) = D" temperature exponent 
RRATC( 5,2, J) - T" reference temperature 

J 

3 

j 

j 

Oj 

All five of these coefficients are Input for each of the NKEAC reactions 

when RTYPE(2,J) i s  greater than 0 and less than 6. Otherwise, this second 

card type C 9  is omitted and the backward reaction rate is either identically 

zero (RTYPE(2,J) - 0) or i s  calculated from the equilibrium constant 

(RTYPE(2,J) - 6 )  using Eqs .  (2.4e) through (2.4g). If RTYPE(2,J) is greater 

than 0 and less than 6 ,  the value of RTYPE(2,J) on card type C8 determines 
which of the RRATC(I,2,J) coefficients are significant in the calculation of 
the backward reaction rate. RRATC(1,2,J) is subject to per particle to per 
mole conversion if MOD(ICHUN/4,2) f 0 and RRATC(3,1,J) is subject to data 
conversion via the RRCF factor if MOD(ICHUN,2) # 0. 
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CARD TYPE C 1 0  - Species I n i t i a l i z a t i o n  Control 

FORMAT (415) 

Notes - 
1. Any number of ca rds  type  C 1 0  may be used t o  i n i t i a l i z e  the  

s p e c i e s  mass/mole f r a c t i o n  d i s t r i b u t i o n .  
on a s i n g l e  card o r  each node can be inpu t  on a s e p a r a t e  card. 
The usua l  case i s  somewhere between these  two extremes. 

A l l  nodes can be inpu t  

2. I f  ITYPE = 0 i s  inpu t  on card type  C10, then (NSPEC-1)/8 + 1 
c a r d s  of type  C 1 1  must - immediately follow. I f  ITYPE # 0,  then - no 
c a r d s  of type C 1 1  a r e  inpu t .  

3. A -1 card  (columns 4-5) must be input  a s  the  l a s t  ca rd  i n  a type 
C10 sequence t o  te rmina te  reading of species mass/mole f r a c t i o n  
i n i t i a l  da t a .  

4. Cards type  C 1 0  (and C 1 1  i f  requi red)  are - not i npu t  f o r  a restart 
case (ISTART # 0) u n l e s s  changes are being made. 
must be p re sn t  even on a restart case. 

5 .  For a quasi-parabolic run  (METHOD > 2) ,  one sequence of ca rds  
type  C 1 0  (and c l l  i f  requi red)  - must be i n p u t  with the  o t h e r  them- 
i s t r y  d a t a  (cards  C 1  through C9) t o  i n i t i a l i z e  the  f i r s t  plane. 
I f  t h e r e  are added zones i n  t h e  problem, then a d d i t i o n a l  se- 
quences of ca rds  type  C10 (and C 1 1  i f  r equ i r ed )  may be needed t o  
i n i t i a l i z e  species mass/mole f r a c t i o n  i n  t h e  added zone plane. 
I f  t h i s  i s  the  case, a d d i t i o n a l  ca rds  of type  C10  (and C 1 1  i f  re- 
qu i r ed )  should fo l low a f t e r  i n t e g r a t o r  module c a r d s  type  16 and 
16a. 

The -1 card  

6. I f  IMOLE = 0 on card type  C 1 ,  then  spec ie s  mass fractions m u s t  be 
i n p u t  on ca rd  type  C 1 1 .  
s p e c i e s  mole f r a c t i o n s  must be input  on card type  C 1 1 .  

I f  IMOLE = 1 on card  type  C 1 ,  t h e n  
- - 

Node number of t h e  f i r s t  nodal po in t  t o  be i n i t i a l i z e d  by t h i s  card 

type C l o .  ( N J  = -1 termina tes  the  inpu t  of ca rd  ClO). 
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I NC - 

Node number increment t o  N J  t o  be used f o r  i n p u t t i n g  a sequence of 

nodes on one card .  Se t  I N C  = 0 if on ly  one node i s  t o  be set by t h i s  ca rd .  

I f  I N C  # 0,  i t  w i l l  be added t o  N J  t o  determine t h e  next node t o  be i n i t i a l -  

i z e d .  

NTOT 
L_ 

The t o t a l  number of nodes t o  be set  by t h i s  card type C10. 

ITYPE - 
I n d i c a t e s  t h e  type  of s p e c i e s  masslmole f r a c t i o n  i n i t i a l i z a t i o n  is t o  

be done. 

ITYPE = 0 a l lows  t h e  u s e r  t o  i n p u t  t h e  i n i t i a l  species mass/ 
mole f r a c t i o n  d i s t r i b u t i o n  on c a r d s  of t ype  C 1 1  

= 1 sets t h e  s p e c i e s  mass/mole f r a c t i o n s  f o r  t h i s  card 
t y p e  C10 i n p u t  t o  t h e  same v a l u e s  as i n p u t  on t h e  
las t  c a r d  type  C 1 1  

= 2 a l lows  t h e  u s e r  t o  code and execute  sub rou t ine  USERIP 
i n  o r d e r  t o  i n i t i a l i z e  t h e  species mass/mole f r a c t i o n s .  

CARD TYPE C11 - Species  Mass/Mole F r a c t i o n  I n i t i a l  Values 

FORMAT (8E10.0) 

1. Cards of type  C 1 1  are i n p u t  fo l lowing  a card type  C10 only  i f  - 
ITYPE = 0 i s  i n p u t  on c a r d  type  C10. 

2.  I f  ITYPE - 0 on ca rd  type  C 1 0 ,  t h e n  (NSPEC-1)/8 + 1 c a r d s  of t y p e  
C 1 1  must fo l low.  
7 

3. Cards of type  C 1 1  are no t  i n p u t  on a restart  case u n l e s s  changes 
are being made t o  the  s p e c i e s  mass/mole f r a c t i o n  d i s t r i b u t i o n s .  
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4. I f  IMOLE = 0 on card  type  C 1 ,  then spec ie s  mass f r a c t i o n s  - must be 
inpu t  on card type  C 1 1 .  I f  IMOLE = 1 on card type  C 1 ,  then 
s p e c i e s  mole f r a c t i o n s  must be inpu t  on ca rd  t y p e  C 1 1 .  

- 
- - 

5 .  I n  the  subsequent i npu t  d e s c r i p t i o n ,  t he  s u b s c r i p t  I runs  from 1 
t o  NSPEC, i n d i c a t i n g  the  NSPEC spec ie s  mass/mole f r a c t i o n  i n i t i a l  
va lues  a s soc ia t ed  wi th  t h e  nodes s p e c i f i e d  on card  type  C10.  

I n i t i a l  mass/mole f r a c t i o n  va lue  f o r  s p e c i e s  I a t  those  noses s p e c i f i e d  

on preceeding ca rd  type  C10.  CS(1) must be i n  the  fo l lowing  range: 

0.0 - < CS(1) < 1.0 

In  a d d i t i o n ,  t he  CS(1) must obey the  following r e l a t i o n s h i p :  

NSPEC c CS(1) = 1.0 

I=1 

2.6 SAMPLE CALCULATIONS 

The r e s u l t s  from two sample c a l c u l a t i o n s  us ing  the  GIM code chemically 

These two test cases r eac t ing  flow model are presented i n  t h i s  s ec t ion .  

i nc lude : 

1. Premixed hydrogen-air i g n i t i o n  i n  a one-dimensional duc t - l ike  
geometry us ing  a f ive-spec ies ,  two-reaction g l o b a l  chemistry 
model developed f o r  t h i s  problem by t h e  method of Appendix A; 
and 

2. The hydrogen-air p a r a l l e l - i n j e c t i o n  case of Burrows and Kirkov 
(Ref. 2-5 )  us ing  the  f ive-spec ies ,  two-reaction g l o b a l  chem- 
istry model developed by Rogers and Cb in i t z  (Ref. 2-6). 

The f i r s t  case c o n s i s t s  of t he  i g n i t i o n  of premixed hydrogen and a i r  in 

a one-dimensional 40 cm x 10 cm duct - l ike  conf igura t ion .  Figure 2-3 shows 
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Fig. 2-3 - Premixed H2-Alr Case (Computational Grid) 

the geometry and computational mesh used in this calculation. 

reaction mechanism was synthesized using the method of Appendix A for this 
geometry and flow conditions. The reaction mechanism consists of the five 

species N2, 02, H2, H20, and OH and the following two reactions 

The global 

kFi 
H2 + 02 OH + OH 

7 0.98 = 4.171 x IO (T - 1000.0) 

k 

1 -2 5.87 97748 exp[- - kFi=1.054 x 10 T RT 
F2 H20 + H 2 0 z O H  + OH + H2 

3 where k and kF are in units of cm /mole/sec. The inflow boundary 

conditions are given below: 
F 

4 3 P = 3.204 x 10 gm/cm 
5 u = 1.464 x 10 cm/sec 

T = 1000 K 
6 P = 1.013 x 10 dyne/cm2 = 1 atm 

M = 2.25 
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C = 0.76149 Co2 = 23123 = 0.00728 CH2 = COH = o  
N2 ‘H2 

These same c o n d i t i o n s  were a l s o  used as  t h e  i n i t i a l i z a t i o n  f o r  t h e  remainder 

of t h e  flow f i e l d .  

i s t r y  s o l u t i o n  o p t i o n  u n t i l  t h e  OH concen t r a t ion  reached a s u f f i c i e n t  l e v e l  

f o r  i g n i t i o n  t o  begin.  

i m p l i c i t  chemistry s o l u t i o n  op t ion  and t h e  c a l c u l a t i o n  cont inued .  The time 

s t e p  f o r  t h i s  c a l c u l a t i o n  was maintained a t  0.95 times t h e  f l o w f i e l d  CFL. 

The i n t e g r a t i o n  was performed us ing  t h e  e x p l i c i t  chem- 

A t  t h a t  p o i n t  t h e  code a u t o m a t i c a l l y  switched t o  the  

The r e s u l t s  from t h i s  c a l c u l a t i o n  presented  i n  F igs .  2-4 through 2-8 

show a s h a r p  i g n i t i o n  f r o n t  where the hydrogen-air combustion occurs .  Fig- 

u re  2-8 a l s o  p r e s e n t s  a comparison w i t h  t h e  r e s u l t s  ob ta ined  from a s p a t i a l  

marching chemis t ry  code (ALFA) f o r  t h e  same c a l c u l a t i o n .  The d iscrepancy  

between t h e  G I M  code r e s u l t s  and t h e  r e s u l t s  from t h e  ALFA code s o l u t i o n  a r e  

a t t r i b u t a b l e  t o  t h e  i n a d v e r t e n t  u se  of s l i g h t l y  d i f f e r e n t  r e a c t i o n  rate 

c o e f f i c i e n t s  i n  t h e  two c a l c u l a t i o n s .  

The second sample c a l c u l a t i o n  c o n s i s t s  of t h e  pa ra l l e l  i n j e c t i o n  case  

of Burrows and Kurkov (Ref .  2-5). In t h i s  c a s e  a co ld  sonic stream of 

hydrogen i s  i n j e c t e d  p a r a l l e l  t o  a supe r son ic  f r ees t r eam of ho t  a i r .  

r e s u l t i n g  mixing and combustion are c a l c u l a t e d  and compared w i t h  t h e  expe r i -  
menta l  d a t a .  F igure  2-9 shows the geometry of the test section used by 

Burrows and Kurkov t o  o b t a i n  t h e  exper imenta l  r e s u l t s .  

t h e  computa t iona l  g r i d  used i n  t h i s  c a l c u l a t i o n  i s  shown in Fig .  2-10. 

g r i d  on ly  d i s p l a y s  every  t h i r d  node i n  t h e  x -d i r ec t ion  and every  f i f t h  node 

i n  t h e  y -d i r ec t ion .  

more dense ,  c o n s i s t i n g  of 109 c r o s s  p l anes  wi th  56 nodes p e r  plane.  
nodes are c l u s t e r e d  around t h e  hydrogen j e t  nea r  t h e  in f low reg ion  i n  o r d e r  

t o  r e s o l v e  t h e  mixing t h a t  t a k e s  p lace .  

( s e e  S e c t i o n  5) w a s  used t o  s i m u l a t e  t h e  mixing process .  Because the  mixing 

and combustion t a k e s  p l ace  i n  a r eg ion  c l o s e  t o  the  lower channel w a l l ,  t h e  

The 

A sparse v e r s i o n  of 

This  

The a c t u a l  g r i d  used i n  t h e  c a l c u l a t i o n  i s  t h u s  much 

The 

A Baldwin-Lomax tu rbu lence  model 
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GIM Solution 
Symbols: LAMP Solution 

Fig. 2-4 - Premixed H2-Air Case (Density vs X )  
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GIM Solution 
Symbols: LAMP Solution 

Fig. 2-5 - Premixed H2-Air Case (Velocity v s  X) 
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T 

0 0 n P a8 a m 

- GIM Solution 
Symbols: LAMP Solution 

Fig. 2-6 - Premixed H2-Air Case (Temperature v s  X )  
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GIM Solution 
Symbols: LAMP Solution 

Fig. 2-7 - Premixed H2-Air Case (Pressure vs  X )  
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LOG CS 

NE 

02 

WO 

OH 

H2 

G I M  Solution 
Symbols: LAMP Solution 

X ( c d  

Fig. 2-8 - Premixed H2-Air Case (Log Mass F r a c t i o n  vs X) 
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Test section intermediate 
measurement station, 

Test section in i t ia l  18 3 cm Test section exit 
measurement station, 

Test section intermediate 
measurement station, 

Test section in i t ia l  18 3 cm Test section exit 
measurement station, 

Fig. 2-9 - Parallel Injection Case (Test Section Geometry) 

Fig. 2-10 - Parallel Injection Case (Computational Grid (Coarse)) 
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upper boundary was t r e a t e d  as a n  i n v i s c i d  f r ee - s l ip / t angency  boundary i n  

o rde r  t o  avoid  t h e  n e c e s s i t y  of r e s o l v i n g  t h e  boundary l a y e r  t he re .  The 

lower channel w a l l  was t r e a t e d  a t  a no-s l ip  cons t an t  temperature boundary. 

The f l o w f i e l d  c o n d i t i o n s  f o r  t h i s  ca se  are g iven  below: 

Hydrogen Jet Free Stream 

Mach Number 1.00 2.44 

Temperature ( K )  254 1270 

Veloc i ty  (cm/sec) 1.216 x 10  

P res su re  (dyne/cm ) 1.1 x 10  

Mass Frac t ions :  

1.764 x lo5 5 

2 6 1.1 x 1 0  6 

'H2 

' 02 

N 2  

'H20 

OH 

1.000 

0 

0 

0 

0 

0 

0.258 

0.486 

0.256 

0 

The g l o b a l  hydrogen-air r e a c t i o n  mechanism developed by Rogers and 

Ch in i t z  (Ref. 2-6) was used i n  t h i s  second sample c a l c u l a t i o n .  This p a r t i c -  

u l a r  r e a c t i o n  mechanism c o n s i s t s  of t h e  f i v e  s p e c i e s  N2, 02, H2, H20, and OH 

and t h e  fo l lowing  two r e a c t i o n s :  

48 T-10 -4865 
k = 1.3823 x 10 exp [,I 
F1 

'1 H 2  + 02 2 OH 

1 64 T-13 -42500 
= 2.7166 x 10  expi RT 
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3 6 9 

where k is in units of cm /mole/sec and k is in units of cm /moleL/sec. 

These reaction rate coefficients resulted in a set of very stiff species 
continuity equations and required the use of the implicit chemistry solution 

F1 F2 

option (IXOPT = -1) and the stiff equation option (ISTIFF = 1) throughout 
the calculation. The integration was perfonned using the flowfield results 
from a standard GIM code binary gas integration run (with the same geometry 
and boundary conditions) as te initialization for this reacting case. The 

flow field was also initially "seeded" with small concentrations of OH in 
order to lessen the stiffness of the species continuity equations. 

step for this calculation was maintained at 0.75 times the flowfield CFL. 

The time 

The results from this second calcultition are presented in Figs. 2-11 

through 2-16 for the test section exit station, x = 35.6 cm. The results 

show a very hot region of hydrogen-air combustion approximately 2.0 cm above 
the lower channel wall. 
solution with the Burrows and Kirkov experimental data. 

relatively good although some of the calculated peaks in the H20, N2, and 02 
distributions are not quite as high as those indicated by the experimental 

data. 

Figure 2-16 shows a comparison of the GIM code 
The comparison is 
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Fig. 2-11 - Paral le l  Injection Case (Density vs  Y )  
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XLOC = 35.600 

11I1 I I11 I I I I1 I1111111 1 1 1 1 l l l '  
0 1 .% 2.03 2.70 ¶.I 4 *OS Y .7s 6-00 6.76 

Y I C l O  

Fig. 2-12 - Paral le l  Inject ion Case (Velocity v s  Y) 
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l l l l l l l ~ l l l l l l l l l ,  1 1 1 1 1 1 1  1 1 1 1 1 l 1 1 1 1 1  1 1 1 1 1 1 l  1 1 1 1 l * l 1 1 1 1 , 1 1 1 1  
1 .% 2 .a 2.70 3 .I 9.05 9.73 5-41 6.W 6.x O .W 

r (c tu  

Fig. 2-13 - Parallel  Inject ion Case (Temperature vs Y) 
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Fig.  2-14 - Parallel  Inject ion Case (Pressure vs Y) 

2-61 



Fig. 2-15 - Paral le l  Inject ion Case (Log Mass Fraction vs Y )  
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\ Experimental 

- Calculated 

Fig. 2-16 - Parallel Injection Case (Experimental and Calculated Mass 
Fraction vs Y) 

N2 

H20 

02 

6 

E H2 - 
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2.7 NOMENCLATURE 

English Symbols 

a 

A 

acoustic velocity 

temperaturelenthalpy quadratic equation coeffi- 
cient; Eq. (2.21~) 

AJ forward reaction rate coefficient, reaction j; Eq. 
(2.4~) 

backward reaction rate coefficient, reaction j; Eq. 
(2.4d) 

B temperaturelenthalpy quadratic equation coeffi- 
cient; Eq. (2.21d) 

BJ forward reaction rate exponent, reaction j; Eq. 
(2.4~) 

backward reaction rate exponent, reaction j; Eq. 
(2.4d) 

mass fraction of species i ci 

i 
cP specific heat at constant pressure of species i 

C temperaturelenthalpy quadratic equation coef fi- 
cient; Eq. (2.21e) 

C; forward reaction rate coefficient, reaction j; Eq. 
(2.4~) 

Cli' backward reaction rate coefficient, reaction j; Eq. 
(2.4d) 

C: 

cn: 
denotes corrector step 

denotes chemistry step 

forward reaction rate exponent, reaction j; Eq. 
(2.4~) 

backward reaction rate exponent, reaction j; Eq. 
(2.4d) 

artificial numerical diffusion coefficients for 
xi, x2, and x3 components 
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Ej 

E 

h o i  

hflow f i e l d  

h s  pec i e  

H 

I 

J 

k 

k b.i 

real  d i f f u s i o n  c o e f f i c i e n t  

sum of real  and a r t i f i c i a l  d i f f u s i o n  c o e f f i c i e n t s  

exponen t i a l  f u n c t i o n  

v e c t o r  of  f l u x  terms; Eq. (2.6b) 

t o t a l  i n t e r n a l  energy per  u n i t  mass 

change i n  Gibbs' f r e e  energy f o r  r e a c t i o n  j;  Eq. 
(2 4g) 

en tha lpy  of format ion  per u n i t  mass of s p e c i e s  i 

en tha lpy  p e r  u n i t  mass of s p e c i e s  i a t  temperature T 

en tha lpy  p e r  u n i t  mass o r d i n a t e  of s p e c i e s  i a t  
temperature a b s c i s s a  T j  

en tha lpy  p e r  u n i t  mass a t  r e f e r e n c e  tempera ture  
To of s p e c i e s  i 

en tha lpy  of formation per mole of s p e c i e s  i 

en tha lpy  per mole a t  r e fe rence  temperature To of 
s p e c i e s  i 

en tha lpy  pe r  mole based on r e f e r e n c e  en tha lpy  ho 
of s p e c i e s  i i 

en tha lpy  per  u n i t  mass as  computed from f l o w f i e l d  
v a r i a b l e s ;  Eq. (2.18a) 

en tha lpy  p e r  u n i t  mass as computed from species 
v a r i a b l e s ;  Eq. (2.18b) 

v e c t o r  of product ion  terms, Eq. (2.6b) 

Jacobian  ma t r ix  of v e c t o r  H . ,  

i d e n t i t y  mat r ix  

number of d i s c r e t e  e q u a l l y  spaced temperature 
a b s c i s s a  

c o e f f i c i e n t  of thermal c o n d u c t i v i t y  

backward r e a c t i o n  rate cons t an t  f o r  r e a c t i o n  j; Eq. 
(2.4d) 
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kf j forward reaction rate constant for reaction j; Eq. 
(2.4~) 

concentration equilibrium constant for  reaction j; 
Eq. (2.4e) 

pressure equilibrium constant for reaction j; Eq. 
(2.4f) 

- 
mi molecular weight of species i 

M number of reactions 

M implicit coefficient matrix; Eq. (2.23b) 

N number of species 

P 

P: 

pressure 

denotes predictor step 

velocity magnitude 4 

heat flux per unit area for XI, x2, x3 co- 
ordinate directions 

a 

i i.=l m 

N 
gas constant for mixture = C ci =- R 

universal gas constant 

RHS implicit right-hand side vector; Eq. (2.23b) 

entropy per mole of species i 

t time 

at time step 

T temperature 

temgerature abscissa, jth value 

TO ref ere nce temperature 

forward reaction rate reference temperature, re- 
action j; Eq. (2.4~) 

backward reaction rate reference temperature, re- 
action j, Eq. (2.4d) 

AT temperature increment 
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U 

u 

11 pi-1 

w i  

Greek Symbols 

'ij 

E 

x 
P 

v 
I 

vi j 

O D e r a  t o r s  

B[ 1 

aB/ax 

ve 1 o c i  t y comporien t s 

v e c t o r  of conserved v a r i a b l e s ;  Eq. (2.6b) 

i m p l i c i t  time d e r i v a t i v e  v e c t o r ;  Eq. (2.23b) 

f i n i t e  d i f f e r e n c e  time d e r i v a t i v e  of conserved 
v a r i a b l e s  a t  time l e v e l  n+l 

change in conserved v a r i a b l e s  a t  t i m e  l e v e l  n+l 

chemistry product ion term f o r  s p e c i e s  i; Eq. (2.4b) 

c o o r d i n a t e  d i r e c t i o n s  

r e a c t i o n  components d e f i e d  by Eq. (2.25b) 

Kronecker d e l t a  = 1 f o r  i = j ,  = 0 f o r  i = j 

a r t i f i c i a l  d i f f u s i o n  cons tan t  

c o e f f i c i e n t  of bulk v i s c o s i t y  

mass d e n s i t y  

c o e f f i c i e n t  of v i s c o s i t y  

s t o i c h i o m e t r i c  c o e f f i c i e n t  f o r  s p e c i e s  i a s  a re- 
a c t a n t  i n  r e a c t i o n  j 

s t o i c h i o m e t r i c  c o e f f i c i e n t  f o r  s p e c i e s  i as a pro- 
duc t  i n  r e a c t i o n  j 

v i j  - v i j  
stress t e n s o r ;  Eq. (2.2b) 

11 

boundary c o n d i t i o n  o p e r a t o r  

backward s p a t i a l  d i f f e r e n c e  o p e r a t o r  f o r  coord ina te  
d i r e c t i o n  j 

forward s p a t i a l  d i f f e r e n c e  o p e r a t o r  f o r  c o o r d i n a t e  
d i r e c t  i o n  j 
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Super sc r ip t s  

( R )  

n 
- 
n+l - 
n+l 

n+l 

ove rba r 

Qth i m p l i c i t  chemistry i t e r a t i o n  f o r  t i m e  l e v e l  
n+l t i m e  

l e v e l  n 

f i r s t  p r o v i s i o n a l  t i m e  l e v e l  ( p r e d i c t o r  s t e p )  

second p r o v i s i o n a l  t i m e  l e v e l  ( c o r r e c t o r  s t e p )  

t i m e  l e v e l  n+l 

molar b a s i s  
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3 .  THE G I M  HYPERBOLIC STEADY STATE EULER SOLVER 

3 . 1  METHODOLOGY 

The success  of t he  General  I n t e r p o l a n t s  methodology i n  developing com- 

p u t e r  codes f o r  three-dimensional f l o w f i e l d  c a l c u l a t i o n s  i n  a r b i t r a r y  geo- 

me t r i c  domains has  l ead  t o  a n  e l l i p t i c  unsteady Navier-Stokes s o l v e r  f o r  

complete v i scous ,  compressible  f low a n a l y s i s  and a n  i t e r a t i v e  quasi-unsteady 

pa rabo l i c  Navier-Stokes s o l v e r  f o r  v i scous  f l o w s  w i t t i  a predominant f l o w  

d i r e c t i o n  a long  which second o r d e r  e f f e c t s  can be neglec ted .  

l a t t e r  method has  been used e x t e n s i v e l y  (Refs. 3-1 through 3-4) t o  s o l v e  the  

completely i n v i s c i d  supersonic  Euler  equa t ions ,  t h e  i t e r a t i v e  procedure i s  

unnecessary f o r  such f lows  s i n c e  t h e  equa t ions  are  hyperbol ic  i n  t h e  f l o w  

d i r e c t i o n  and i t  adds cons ide rab le  computat ional  c o s t .  The impetus f o r  us ing  

the  qua:;€-parabolic code i n  t h e  i n v i s c i d  mode was t o  take advantage 01 Ltie 

geometr ic  v e r s a t f l i t y  of t h e  G I M  approach. This s e c t i o n  r e p o r t s  on n 

non- i t e ra t i ve hy p e  r bo1 i c  s t ead y-s ta t  e Eu 1 e r e quat  ion  s o l v e  r d eve loped t I I rough 

the  General I n t e r p o l a n t s  Method which has  the  fo l lowing  among i t s  many 

f e a t u r e s  : 

Although the  

The geometr ic  v e r s a t i l i t y  of a l l  GIM d e r i v a t i v e s  

The second o r d e r  accuracy ,  e f f i c i e n c y  and h igh ly  v e c t o r i z a b l e  char -  
ac t e r i s t i c s  of a MacCormack p red ic to r - co r rec to r  s o l u t i o n  a lgo r i thm 

The advantages  of  t he  new technique  f o r  progress ive  assembly of t he  
GTM d i f f e r e n c e  ana logs  ( s e e  Appendix D )  

Continuous monitor ing of  t h e  marching s t e p s i z e  w i t h  t h e  c a p a b i l i t y  
t o  i n t e r p o l a t e  in te r rhedia te  c r o s s  p lanes  t o  prevent  v i o l a t i o n  of 
s t a b i l i t y  l i m i t s  
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0 Entropy consistent inviscid boundary conditions 

0 Shock-capturing techniques 

0 Integration of the equations in the Cartesian physical domain. 

This solver has proven to be quite accurate and efficient in axisym- 

metric, two- and three-dimensional test cases. The next subsection details 
the finite difference model. The following two subsections describe the 
stepsize control mechanism and the boundary conditions, respectively. 

3.1.1 The Finite Difference Model 

The Euler equations for three-dimensional compressible inviscid gas 

dynamics are 

where 

F =  

V j 
E =  

G =  
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and where 

P = mass d e n s i t y  

H = t o t a l  en tha lpy  

P = pres su re  

6 = t o t a l  energy 

U = x-component of v e l o c i t y  

W = z-component of v e l o c i t y  

V = y-component of v e l o c i t y  

x , y , z , t  = space and t i m e  c o o r d i n a t e s  

and 

P = (- - ’) p [H - u2 + v2 2 + ”‘1 ( i d e a l  g a s  l a w )  
Y 

Appl ica t ion  of t h e  General I n t e r p o l a n t s  methodology (Ref. 3-5) u s ing  

t h e  weight f u n c t i o n s  de r ived  f o r  t h e  p rogres s ive  assembly of t h e  d e r i v a t i v e -  

t ak ing  ana logs  (Appendix D )  r e s u l t s  i n  t h e  fo l lowing  f i n i t e  d i f f e r e n c e  

ana log  of t h e  Eu le r  equa t ions  a t  node N. 

where t h e  terms i n  b racke t s  are t h e  assembled f i n i t e  d i f f e r e n c e  Jacobians :  

and 

c -4 
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i s  the  element f i n i t e  d i f f e r e n c e  Jacobian  f o r  element e as desc r ibed  i n  

Appendix D .  

d i r e c t i o n  of t h e  d i f f e r e n c i n g  and 

The a are t h e  a r b i t r a r y  weighting f a c t o r s  which determine t h e  e 

8 Eae = 1  

e=l 

One cho ice  of weighting f a c t o r s  which s a t i s f y  Eq. (3.3) is a set of 

t r i - l i n e a r  i n t e r p o l a n t s :  

(3.3) 

where t h e  'ai govern t h e  d i f f e r e n c i n g  d i r e c t i o n  i n  rli a s  fo l lows:  

ei = 0 - forward q i  d i f f e r e n c e s  

O i  = 1 1 2  - cen te red  v i  d i f f e r e n c e 9  

ei  = 1 - backward v i  d i f f e r e n c e s  

Thus, t h e  c o e f f i c i e n t  of UN i n  Eq. (3.2) can  be viewed as a n  i n t e r p o l a t e d  

c o n t r o l  volume f o r  t h e  d i s c r e t e  d i f f e r e n c e  model. 

. 
For t h e  s t eady- s t a t e  E u l e r  equa t ions  w e  set UN = 0. The f i n i t e  d i f -  

f e r ence  model is a s p a t i a l  marching v e r s i o n  of t h e  MacCormack e x p l i c i t  

p red ic to r - co r rec to r  scheme (Ref. 3-6). To implement this scheme w e  choose 

€I1 = 0 f o r  both s teps  and e 2  and O 3  are chosen t o  y i e l d  t h e  c lass ic  

a l t e r n a t i n g  d i f f e r e n c e s  on t h e  p r e d i c t o r  and c o r r e c t o r  s t e p s .  The cho ice  of 
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1 

, 

cross-f low d i f f e r e n c i n g  i s  completely a r b i t r a r y  and u s e r  i n p u t .  

i ng  a lgo r i thm may be w r i t t e n  

The r e s u l t -  

! 

I 

P r e d i c t o r :  

8 

Correc tor :  

where, aga in ,  t h e  terms i n  b racke t s  are t h e  two and three-dimensional 

J acob ian  de terminants  and d 

a t o r  in t h e  ni d i r e c t i o n  f o r  element e. 

and c o r r e c t o r  weight ing f a c t o r s ,  r e s p e c t i v e l y .  

p r e d i c t e d  va lues .  

t o  s t a t i o n  n+l. 

e 
i is t h e  a p p r o p r i a t e  two-point d i f f e r e n c e  oper- 

a, a n d z e  are t h e  p r e d i c t o r  

The overbar  (-) r e p r e s e n t s  

The marching proceeds down ql g r i d  l i n e s  from s t a t i o n  n 

Notice t h a t  t h e  m e t r i c  in format ion  is evalua ted  a t  s t a t i o n  n on both 

s t e p s .  
domain of dependence of both t h e  p a r t i a l  d i f f e r e n t i a l  equa t ions  and the  

d i f f e r e n c e  equa t ions ,  and,  secondly,  from t h e  r e a l i z a t i o n  t h a t  t h e  a c t u a l  

advancement of t h e  s o l u t i o n  occurs  on t h e  c o r r e c t o r  s t e p .  The p r i m i t i v e  

This is done, f i r s t ,  because t h e  advanced geometry l i e s  o u t s i d e  the  
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v a r i a b l e s  are decoded from t h e  f l u x  v e c t o r  E assuming supersonic  f low i n  the 

x d i r e c t i o n .  

The geometr ic  v e r s a t i l i t y  of t h e  o t h e r  G I M  d e r i v a t i v e s  was maintained 

by r e t a i n i n g  t h e  terms i n  6p and 6;G.  

f low mesh t o  be or thogonal  t o  t h e  x axis .  It does,  however, r e q u i r e  an 

i t e r a t i v e  procedure f o r  non-orthogonal meshes. This  i t e r a t i o n  converges 

quick ly  ( < 5  i t e r a t i o n s )  and i s  a small p e n a l t y  t o  pay f o r  t h e  increased  

geometric power. 

This  does no t  r e q u i r e  t h e  c ross -  

T h i s  a lgor i thm r e a d i l y  l e n d s  i t s e l f  t o  v e c t o r i z a t i o n  on t h e  CYBER 200 

series of  supercomputer. 

t h e  technique f a r  outweigh t h e  l i m i t a t i o n s  placed on t h e  marching s t e p s i z e  

by i t s  e x p l i c i t  nature and preclude the  u s e  of much less computationally 

e f f i c i e n t  i m p l i c i t  methods. 

This  e f f i c i e n c y  a long  w i t h  t h e  proven accuracy of 

3.1.2 Hyperbolic S t a b i l i t y  Analysis  

As i s  t h e  c a s e  i n  a l l  e x p l i c i t  hyperbol ic  marching a lgor i thms,  t he  mag- 

n i t u d e  of t h e  s p a t i a l  o r  marching s t e p  s i z e  used i n  t h e  G I M  code s t e a d y  

s t a t e  marching a lgor i thm i s  c o n s t r a i n e d  by t h e  hyperbol ic  n a t u r e  of t h e  flow 

f i e l d .  

t e r ia ,  i . e . ,  t h e  domain of dependence of t h e  p a r t i a l  d i f f e r e n t i a l  equat ions ,  

which comprises t h e  area enclosed by t h e  i n t e r s e c t i o n  of t h e  Mach conoid 

through t h e  s o l u t i o n  p o i n t  and t h e  prev ious  i n i t i a l  va lue  s u r f a c e ,  must be 

contained w i t h i n  t h e  domain of dependence of  t h e  f i n i t e  d i f f e r e n c e  equat ions  

(Ref. 3-7). T h i s  concept i s  shown g e o m e t r i c a l l y  i n  Fig.  3-1. 

The maximum a l lowable  s p a t i a l  s t e p  s i z e  i s  g iven  by t h e  CFL cr i -  

The e q u a t i o n  of t h e  Mach conoid i s  g iven  by (Ref. 3-7): 

2 2 2  2 2 2 2  2 2 2 2  2 [u  - (V - a ) ]  (dx) + [v  - (V - a ) ]  (dy) + Iw - ( V  - a ) ]  (dz )  

+ 2 uv dx dy + 2 uw dx dz + 2 vw dy d z  = 0 (3.6) 
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OF DEPENDENCE 

T T  

F i g .  3- la  - 

DIFFERENCE DOMAIN 
OF DEPENDENCE 

Hyperbolic S t a b i l i t y  Analysis ( S t a b l e  S p a t i a l  
Step S i z e )  

DIFFERENTIAL DOMAIN 
OF DEPENDENCE 

DIFFERENCE DOMAIN 
OF DEPENDENCE 

F i g .  3-lb - Hyperbolic S t a b i l i t y  Analysis (Unstable 
S p a t i a l  Step S i z e )  

3-7 



where V i s  the  v e l o c i t y  magnitude and a i s  t h e  speed of sound. 

i n t e r s e c t i o n  of t h e  Mach conoid from a node on t h e  s o l u t i o n  s u r f a c e  ( p o i n t  1 

i n  Fig.  3-1) w i t h  t h e  g r i d  l i n e  pas s ing  through t h e  previous s o l u t i o n  node 

and any connected node ( p o i n t  0 and p o i n t s  3,4,5, and 6 i n  Fig.  3-1) be  

des igna ted  by x and l e t  i t s  p o s i t i o n  be de f ined  i n  terns of a parameter 8 ,  
t hen  

Let the  

where s u b s c r i p t  c denotes  any connected node. 
differentials be approximated by d i f f e r e n c e s ,  i . e . ,  

On the  Mach conoid,  l e t  the 

Then Eqs.  (3 .7)  and ( 3 . 8 )  t o g e t h e r  y i e l d  

-0 

-0 

- [  ( 3 . 8 )  

( 3 . 9 )  
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Equation (3.6)  can  then be approximated by 

2 
A h 2  + B h  Ay + Cdiy2 + DAY Az + EAz + F h  A Z  = 0 (3.10) 

where 
2 2 2  C = V  2 - ( V - a )  2 2  

B = 2uv A = u  - ( V  - a )  

D = 2vw' E = w 2 - ( v  - a )  ~ = 2 u w  2 2  

I f  the d e f i n i t i o n s  of Ax, Ay, and Az given by Eq. (3.9) are s u b s t i t u t e d  i n t o  

Eq. (3.10) and l i k e  powers of 8 are  c o l l e c t e d ,  t he  r e s u l t s  is given  by 

ae2 - ~ e + c = o  
where 

= A h c  + B Axc byc + C Ayc2 + UAycAzc + EAzc2 + F h c  Azc 

/13 = 

+ 

2AAx1Axc + B ( A x l  AyC + Axc Ay,) + 2C Ayl byc 

D(AylAzc + Ayc Azl) + 2E AzlAzc + F(aXIAzc + aXc Azl) 

* A A X 1  2 + B k l A y 1  + C A y 1 2  + D A y I A z l  + EAz12 + F h l  Az1 

(3.11) 

Equation (3.11) is a simple q u a d r a t i c  equat ion  i n  8 wi th  t h e  s o l u t i o n  g iven  

by 
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I f  8 < 1, then the  d i f f e r e n t i a l  domain of dependence i s  conta ined  w i t h i n  

the  d i f f e r e n c e  domain of dependence (F ig .  3 - la )  and t h e  s t e p  between node 0 

and node 1 i s  s t a b l e .  I f  8 > 1, then  t h e  d i f f e r e n t i a l  domain of 

dependence i s  not  e n t i r e l y  conta ined  w i t h i n  t h e  d i f f e r e n c e  domain of 

dependence (F ig .  3-lb) and the  s t e p  between node 0 and node 1 w i l l  be 

uns tab le .  

f a c t o r  i s  a p p l i e d  t o  the  va lue  of 8 determined by Eq. (3.12) i n  o rde r  t o  

ensure t h a t  marginal  s t a b i l i t y  does not  p re sen t  a problem. 

- 

Because the  above a n a l y s i s  i s  approximate,  a use r  suppl ied  s a f e t y  

If t h e  above a n a l y s i s  i n d i c a t e s  that  the marching s t e p  s i z e  a s s o c i a t e d  

wi th  t h e  p rev ious ly  computed "primary" geometry i s  uns t ab le ,  t h e  GIM code 

s t e a d y  s t a t e  marching a lgo r i thm can  au tomat i ca l ly  supply in t e rmed ia t e  o r  

"secondary" s o l u t i o n  s u r f a c e s  t o  ensure  t h a t  t h e  s p a t i a l  marching Droceeds i n  

a s t a b l e  f a sh ion .  
i s  obta ined  v i a  l i n e a r  i n t e r p o l a t i o n  between primary geometry su r faces .  

The geometry of any r equ i r ed  secondary s o l u t i o n  s u r f a c e s  

3.1.3 Decode Procedures 

After t h e  E v e c t o r  has  been ob ta ined  a t  a new s t a t i o n ,  t he  p r i m i t i v e  

v a r i a b l e s  p ,  u ,  v ,  w, H, and P must be decoded. 

fo l lowing  s i x  s t e p s :  

This is accomplished i n  the  

Given 

E 

PU 

2 
PU +! (3.13) 
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then t h e  p r i m i t i v e  v a r i a b l e s  are g iven  by 

I 

I 
I 

~ 

I 

I 
I 

I I 

I 

I 
I 

3 .  H = E /E  
5 1  

1 rn 
L 

Y *2 E2 Y-1 1 2  2 4 *  = ( E )  + d(&) (q-1 - 2(-) Y+1 [H - -  2 (V + w ) I  (3.14) 
1 

Y-1 1 2  a 6 .  P = p (7) [H - (u + ' v 2  + w ) ]  

This  decode procedure is used a f t e r  both t h e  p r e d i c t o r  and c o r r e c t o r  s t e p s  

i n  o r d e r  t o  o b t a i n  t h e  p r i m i t i v e  v a r i a b l e s  from t h e  E vec to r .  

3.1.4 Boundary Conditions 

A f t e r  t h e  p r i m i t i v e  v a r i a b l e s  are obta ined  from t h e  decode procedure,  

t h e  boundary c o n d i t i o n s  must be enforced. I n  the  i n v i s c i d  flow of a n  i d e a l  

gas  t h i s  c o n s i s t s  of r e q u i r i n g  t h a t  t h e  component of v e l o c i t y  normal t o  any 

s o l i d  boundary van i sh ,  l . e . ,  the so-called free-slip tangency boundary con- 

d i t i o n .  In  t h e  CIM code s t e a d y  s ta te  marching a lgo r i thm,  t h i s  is accom- 

p l i s h e d  us ing  a v a r i a t i o n  of Abbet t ' s  method (Ref. 3-8) desc r ibed  below. 

A t  any s o l i d  boundary, t h e  normal component of v e l o c i t y  must van i sh ,  

i .e . ,  

- -  
q * n  = O  (3.15) 
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where 4 i s  t h e  v e l o c i t y  v e c t o r  wi th  C a r t e s i a n  components ( i i , v , w )  i ind 11 i s  

t he  outward p o i n t i n g  ( i n t o  t h e  computat ional  domain) u n i t  normal v e c t o r  with 

components (nx, ny, nz).  

obtained from t h e  decode procedure,  Eq. (3 .14) ,  w i l l  no t  s a t i s f y  Eq. (3.15) 

i d e n t i c a l l y  but  w i l l  be r o t a t e d  o u t  of  t h e  s u r f a c e  tangent  plane by a small 

angle  6.  

I n  g e n e r a l ,  t h e  v e l o c i t y  v e c t o r  components 

T h i s  a n g l e  can be determined by 

ti = sin-'  (3.16) 

where q i s  t h e  magnitude of t h e  v e l o c i t y .  

I f  6 i s  p o s i t i v e ,  t h e n  Abbet t ' s  method i n d i c a t e s  t h a t  a n  expansion wave 

i s  necessary  t o  rotate t h e  v e l o c i t y  v e c t o r  back i n t o  the tangent  plane but 

i f  6 i s  negat ive ,  then  a compression wave is requi red .  In p r a c t i c e ,  t h i s  

means c o r r e c t i n g  t h e  va lues  of  p ,  u ,  v,  w, and P ,  c a l c u l a t e d  from 

MacCormack's method, b y  us ing  shock wave and expansion wave p r o p e r t i e s .  

This  i s  accomplished as  fo l lows:  

1. C a l c u l a t e  p, u,  v ,  w, H ,  and P from Eqs. (3.5a,  3.5b) and (3.14). 

2 .  C a l c u l a t e  6 us ing  Eq. (3.16). 

3. I f  6 i s  p o s i t i v e ,  go t o  s t e p  5. 

4. 6 n e g a t i v e  i n d i c a t e s  compression wave requi red .  

a.  Compute o b l i q u e  shock wave a n g l e  8 f o r  d e f l e c t i o n  angle 16 I and 
' 

Mach number M2 = q2/(YP/p) us ing  Eqs. (150) from R e f .  3-9: 

6 4 2 s i n  8 + b sin 9 + c sin 8 + d = 0 
where 

2 M 2 + 1  + [ 0 2 + 5 s i n 2 6  
c =  

.-I 
Y4 

(3.17) 

cosL6 a = -  
M4 
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b. 

C .  

There are  t h r e e  r o o t s  of Eq. (3.17), t h e  smallest of which cor-  
responds t o  a decrease  i n  en t ropy  and i s  t h e r e f o r e  d iscarded .  
The l a r g e s t  r o o t  corresponds t o  a s t r o n g  obl ique  shock and i s  
also discarded .  The i n t e r m e d i a t e  r o o t  corresponding t o  a weak 
o b l i q u e  shock i s  t h e  one of i n t e r e s t .  

Compute t h e  c o r r e c t e d  s t a t i c  p r e s s u r e  Pc us ing  Eq. (128) from 
Ref. 3-9: 

2 2  2 y M  s i n  8 - (y-1) Pc = P - 
Y +1 

Compute t h e  en t ropy  i n c r e a s e  a c r o s s  t h e  shock 
from Ref. 3-9 : 

(3.18) 

u s i n g  Eq. (144) 

( y - l q  -Y I n  [ (Y+l)M2 2 2  sin26 (3.19) 
(Y-1)M s i n  0 + 2 

I n  As - =  
C 

V 
L” ‘ 4 

d.  Compute t h e  c o r r e c t e d  d e n s i t y  pc u s i n g  fundamental 
r e l a t i o n s h i p s :  

(3.20) 

where s u b s c r i p t  u i n d i c a t e s  v a l u e s  immediately upstream. 

e. Go t o  s t e p  6. 

3-13 



5 .  6 p o s i t i v e  i n d i c a t e s  

a. Compute t h e  t o t a l  

expansion wave r equ i r ed .  

p re s su re  Yto t  based on upstream p r o p e r t i e s :  

Y 

(3.21) 

where s u b s c r i p t  u i n d i c a t e s  va lues  immediately upstream. 

b. Compute t h e  c o r r e c t e d  Mach number Mc f o r  d e f l e c t i o n  ang le  6 and 
Mach number M 2  = q2/(VP/P) us ing  Prandtl-Meyer Eq. (8.13) from 
Ref. (3-10): 

(So lu t ion  .by Newton-Raphson i t e r a t i o n . )  

c. Compute t h e  c o r r e c t e d  s t a t i c  p r e s s u r e  Pc us ing  i s e n t r o p i c  
r e l a t i o n s h i p s :  

(3.23) 
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d .  Compute the  c o r r e c t e d  s t a t i c  d e n s i t y  p c  u s ing  i s e n t r o p i c  
r e l a t i o n s h i p s  : 

e .  Go t o  s t e p  6 .  

6. Compute the  c o r r e c t e d  v e l o c i t y  magnitude qc using t o t a l  en tha lpy  
r e l a t i o n s h i p  : 

7 .  Compute t h e  t a n g e n t i a l  components of v e l o c i t y  UT, VT, and WT 
by d i s c a r d i n g  the  normal components and c a l c u l a t e  t he  t a n g e n t i a l  
v e l o c i t y  magnitude qT: 

- -  
u = u - ( q . n ) : n  T X 

- -  
w = w - ( q * n ) n  
T z 

( 3 . 2 4 )  

( 3 . 2 5 )  

( 3 . 2 6 )  
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8. Compute t h e  c o r r e c t e d  v e l o c i t y  componenst u c ,  vc,  and wc by 
s c a l i n g  t h e  t a n g e n t i a l  components by the  r a t i o  (qc/qT): 

u = ( - ) U T  qc 

qT C 

4, 

qT 
v = (-)V, 

C ( 3 . 2 7 )  

qC w = ( - ) w ,  
qT C 

The above procedure v a r i e s  somewhat from t h a t  descr ibed  by Abbett (Ref. 
3-8) but r e t a i n s  t h e  e s s e n t i a l  f e a t u r e s .  Unlike Abbet t ' s  approach which 

a p p l i e d  t h e  boundary c o n d i t i o n  once a f t e r  t h e  p r e d i c t o r  s t e p  and then dis- 

pensed wi th  t h e  c o r r e c t o r  s t e p ,  t h e  G I M  code s t e a d y  s t a t e  marching a lgor i thm 

a p p l i e s  t h e  above procedure a f t e r  bo th  p r e d i c t o r  and c o r r e c t o r  s t e p s .  

boundary geometry of t h e  c u r r e n t  s t a t i o n  i s  used on t h e  p r e d i c t o r  s t e p  s i n c e  

t h e  c o r r e c t e d  f l o w f i e l d  boundary v a l u e s  w i l l  be used w i t h  metric and flow 

f i e l d  informat ion  from t h e  c u r r e n t  s t a t i o n  t o  compute t h e  c o r r e c t o r  s t e p .  

A f t e r  t h e  c o r r e c t o r  s t e p  has  advanced t h e  s o l u t i o n  t o  t h e  next  s t a t i o n ,  then 

boundary geometry from t h e  new s t a t i o n  i s  used t o  c o r r e c t  t h e  f l o w f i e l d  

boundary va lues  a t  t h e  new s t a t i o n .  

The 

3 . 2  USER'S G U I D E  

3.2.1 General 

As d e t a i l e d  i n  previous s e c t i o n s ,  t h e  G I M  code s t e a d y  s t a t e  marching 

a lgor i thm employs p r o g r e s s i v e l y  assembled f i n i t e  d i f f e r e n c e  ana logs  dur ing  

t h e  i n t e g r a t i o n  process .  This  procedure d i f f e r s  cons iderably  from t h a t  

employed i n  t h e  s tandard  GEOM-MATRIX/MATQP-INTEG G I M  code sequence, This 
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r e s u l t e d  i n  t he  development of two new GIM code modules, GEOlfD :itid LN'L'ISGII, 

Cor use i n  s t eady  s t a t e  marching problems. GEOMD i s  a s p e c i a l i z e d  ve r s ion  

of  t h e  s t anda rd  GIM code GEOMmodule designed f o r  u s e  e x c l u s i v e l y  w i t h  

i n t e g r a t i o n  modules t h a t  u t i l i z e  p rogres s ive ly  assembled f i n i t e  d i f f e r e n c e  

analogs.  INTEGH i s  t h e  s t e a d y  s t a t e  hyperbol ic  i n t e g r a t i o n  module f o r  the 

Euler  equat ions .  These two new modules are  used toge the r  wi thout  any i n t e r -  

vening ma t r ix  module, 

summary of t h e  r equ i r ed  inpu t .  Only those  inpu t  items t h a t  d i f f e r  from t h e  

s t anda rd  GEOM and INTEG i n p u t  are  desc r ibed  i n  d e t a i l .  

d e s c r i p t i o n  of o t h e r  i n p u t  i t e m s  and convent ions,  t h e  u s e r  i s  r e f e r r e d  t o  

prev ious ly  publ i shed  G I M  code l i t e r a t u r e  (Refs .  3-11, 3-12, and 3-13). 

Both modules are descr ibed  below t o g e t h e r  w i t h  a 

For a d e t a i l e d  

3 . 2 . 2  Dynamic Dimensioner f o r  GEOMD (DYNfAT) 

GEOND u s e s  t h e  same dynamic dimensioning module a s  does GEOM, 

namely DYNMAT (Ref ,  3-13). A l l  i npu t  i s  i d e n t i c a l .  The u s e r  should ,  

however, se t  up t h e  dynamic dimensioning i n p u t  d a t a  as i f  running a quasi-  

pa rabo l i c  (QP) problem. 

3 . 2 . 3  Geometry Module (GEOMD) 

The geometry module used wi th  t h e  G I M  hyperbol ic  Eu le r  s o l v e r  (GEOMD) 

i s  a mod i f i ca t ion  of the s tandard  GIM GEOM module. Due t o  t h e  use  of pro- 

g r e s s i v e l y  assembled d i f f e r e n c e  ana logs ,  a l l  of t h e  t i m e  consuming element 

matrix computat ions were removed, and no MATRIX module i s  requi red .  

ou tput  has  been made more r eadab le  and completely m i r r o r s  t h e  i n p u t .  

The 

The purpose of  t h e  GEOMD module i s  two-fold: (1 )  c o n s t r u c t  t h e  com- 

p u t a t i o n a l  mesh v i a  t r i v a r i a t e  b lending ,  and ( 2 )  provide t h e  i n t e g r a t i o n  

module w i t h  c o n n e c t i v i t y  informat ion  f o r  each  node (i.e.,  a n  a r r a y  which f o r  

each node g i v e s  t h e  node numbers of  i t s  n e a r e s t  neighboring nodes along t h e  

t h r e e  coord ina te  l i n e s ) .  
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The ou tpu t  in format ion  i s  e s s e n t i a l l y  the  same a s  i n  o t h e r  ve r s ions  

w i t h  two minor exccpt lons .  F i r s L ,  tlic boundary node counter  w l l l c h  pre- 

v ious ly  counted nodes wi th  non- in t e r io r  boundary f l a g s  ( i . e . ,  IB=9) now 

counts  non- in t e r io r  nodes and nodes wi th  a connec t iv i ty  which d i f f e r s  from 

the  n a t u r a l  numbering scheme w i t h i n  any zone. 

s a f e l y  inpu t  a s  MNB i n  t h e  dynamic dirnensioner f o r  t h e  i n t e g r a t i o n  module. 

Secondly, t h e s e  i n t e r i o r  nodes w i t h  i r r e g u l a r  connec t iv i ty  are  ass igned  a 

new boundary cond i t ion  f l a g  of  IB=-9. This i s  ignored i n  t h e  i n t e g r a t o r ,  

but a l lows  these  nodes t o  be t r aced  i n  t h e  GEOMD output .  

This  number can s t i l l  be 

GEOMD creates only  a format ted  FILE20 ou tpu t  f i l e  which c o n t a i n s  

geometry and c o n n e c t i v i t y  in fo rma t ion  w i t h  s e v e r a l  u s e r  i n p u t  op t ions .  

These are  d e t a i l e d  i n  t h e  fo l lowing  d i s c u s s i o n  of t h e  i n p u t  changes. 

Chart  3-1 g i v e s  an abbrev ia t ed  d e s c r i p t i o n  of the GEOND inpu t  d a t a .  

The i n p u t  changes from previous  documentation are g iven  i n  t h e  fol lowing.  

Card 2:  IFMT rep laces  ISTEP. IFMT c o n t r o l s  t he  
output  t o  FILE20 

IFMT=O F u l l  G I M  code ou tpu t  w i t h  coord ina te s ,  f low 
angles ,  normal components and boundary con- 
d i t i o n  f l a g s  

=l Only C a r t e s i a n  coord ina te s  

>1 Car t e s i an  coord ina te s  and boundary f l a g s  

IMATRX=O Connect iv i ty  a r r a y  i s  computed and appended 
t o  FILE20 a t  each ou tpu t  record 

=l No c o n n e c t i v i t y  a r r a y .  
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Card Type 

1 HEADER( I) * , I=l ,7 2 
(12A6) 

NZONES, IDIM, IFMT, IMATRX, IMATE 
(515) 

2 

IWRITE, LWRITE, WRITE 
(315) 

3 

4 NSECTS 
(15) 

'MAPE(I), I=1,12 
(1215) 

5 

MAPS(I), I=1,6 
(615) 

6 

(IBWL(I), I=1,6), ITRAIN 
(715) 

7 

(NNOD(I), 1=1,3), (ISTRCH(I), 1=1,3) 
(615) 

8 

DIVPI(I), I=1,3 
(3E10.4) 

9 

[AJITA(J,I), Ill, NNOD(J)], J=l, IDIM 
(8E10.4) 

10 

[(AC(I,K,J), I=1,8), R=1,5], J=1,4, or 12 
(8E10.4) 

11 

12 [AS(I,J), 1=1,8], J=1,6 
(8E10.4) 

(PT(I,J), I=1,5), J=l,4, or 8 
(8E10.4) 

[(PMAX(I,K,J) I=1,5), ETAMAX(K,J), K=1,4], 
J=1,4 or 12 

(6E10.4) 

14 

Chart 3-1 - GEOMD Input Guide 

See GIM documentat-m for explanation of FORTRAN symbols, NASA CR 3157 and 
CR3369. 
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Card 3: Output Con t r o  1 

. IWRITE and LWRITE are now incrementa l  
i n d i c e s .  
and debug ou tpu t .  

This a i d s  i n  l i m i t i n g  c o n n e c t i v i t y  

IWRITE=O No in t e rmed ia t e  p r i n t .  

=N In te rmedia te  p r i n t  f o r  every Nth node 

LWRITE=O No c o n n e c t i v i t y  p r i n t o u t  

=N P r i n t  c o n n e c t i v i t y  a r r a y  f o r  every Nth node 

F i n a l l y ,  n o t i c e  t h a t  t h e  card  c a r r y i n g  t h e  ana log  choice  f l a g s  has  been 

removed s i n c e  t h e  ana log  c a l c u l a t i o n s  are no longe r  performed i n  t h i s  module. 

The GEOMD module  is FORTRAN 5 compatible and can be run  on any s e r i a l  

computer. 

used f o r  most two-dimensional problems and three-dimensional .problems with 

no more than  approximately 900 nodes i n  a c r o s s  plane.  

I n  p a r t i c u l a r ,  t h e  CYBER 730-2 machine a t  NASA-Langley can be 

3 . 2 . 4  Dynamic Dimesioner f o r  INTEGH (DYNDIM) 

INTEGH u s e s  the  same dynamic dimensioning module as does  INTEG, namely 

DYNDIH (Ref. 3-13). A l l  dynamic dimensioner i n p u t ,  which should be set  up 

as i f  running a quas i -parabol ic  (QP) problem, i s  i d e n t i c a l  except  f o r  t he  

l a s t  i n p u t  item, I D Y N .  This  v a r i a b l e  must be set  t o  1 f o r  use  wi th  INTEGH, 

a s  opposed t o  the  va lue  of 0 used wi th  t h e  s t anda rd  INTEG module. 
- 

3.2.5 I n t e g r a t i o n  Module (‘INTEGH) 

The G I M  code s t eady  state hype rbo l i c  i n t e g r a t i o n  module, INTEGH, i s  

used t o  i n t e g r a t e  t h e  Euler equat*ions by t h e  methodology d e s c r i b e d  pre- 

v ious ly .  The equa t ions  a r e  i n t e g r a t e d  i n  space  s t a r t i n g  from t h e  f i r s t  

upstream s t a t i o n  ( o r  p l a n e )  w i th  a user -suppl ied  flow f i e l d  i n i t i a l i z a t i o n .  
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The s o l u t i o n  i s  then  p r o g r e s s i v e l y  "marched" downstream one p lane  a t  a t i m e ,  

the s o l u t i o n  on each p l ane  s e r v i n g  a s  t h e  i n i t i a l  va lue  s u r f a c e  f o r  t he  

i n t e g r a t i o n  t o  t h e  nex t  plane.  

a t i o n  supp l i ed  by GEOMD v i a  FILE20 is used t o  p r o g r e s s i v e l y  assemble t h e  

f i n i t e  d i f f e r e n c e  ana logs  as r equ i r ed  f o r  each plane.  

The geometry and nodal c o n n e c t i v i t y  inform- 

Since  t h e  geometry in fo rma t ion  is cons t ruc t ed  by GEOMD be fo re  t h e  i n t e -  

g r a t i o n  process  begins ,  i t  is q u i t e  p o s s i b l e  t h a t  t h e  s p a t i a l  s t e p  s i z e  

between t h e  nodes of two p lanes  may exceed t h a t  requi red  f o r  s t a b i l i t y  with 

t h e  g iven  flow f i e l d .  The u s e r  can ,  t h e r e f o r e ,  d i r e c t  INTEGH t o  monitor the  

s p a t i a l  s t e p  s i z e  € o r  s t a b i l i t y  c o n s i d e r a t i o n s  using t h e  a n a l y s i s  of s e c t i o n  

3.1.2 ( s e e  METHOD on ca rd  H2 below). Then i f  INTEGH d e t e c t s  t h a t  t h e  

s p a t i a l  s t e p  s i z e  between two primary p l anes  ( supp l i ed  by GEOMD) i s  too  

l a r g e  f o r  s t a b l e  i n t e g r a t i o n  a t  one o r  more nodes, i t  w i l l  supply i n t e r -  

mediate "ghost" o r  secondary p l anes  by i n t e r p o l a t i n g  between t h e  primary 

p lanes .  

w i th  t h e  g i v e n  geometry. I f  t h e  u s e r  is c e r t a i n  t h a t  t h e  geometry and 

a n t i c i p a t e d  flow f i e l d  c o n d i t i o n s  are such t h a t  t he  s p a t i a l  s t e p  s i z e  w i l l  

always be w i t h i n  s t a b l e  l i m i t s ,  then  INTEGH can a l s o  be d i r e c t e d  t o  c i r -  

cumvent t h e  s t a b i l i t y  a n a l y s i s  a t  each plane.  However, l i m i t e d  exper ience  

h a s  i n d i c a t e d  t h a t  t h e  c a l c u l a t i o n s  w i l l  f a l l  a p a r t  almost immediately i f  

t h e  u s e r  is i n c o r r e c t  and t h e  s p a t i a l  s t e p  s i z e  is t o o  l a r g e  f o r  s t a b l e  
i n t e g r a  t i on .  

This ensu res  t h a t  t h e  i n t e g r a t i o n  can cont inue  in a s t a b l e  manner 

I n  some i n s t a n c e s ,  t h e  i n t e g r a t i o n  process  may no t  be a b l e  t o  success- 

f u l l y  march t o  t h e  next  p lane  due t o  t h e  presence of non-hyperbolic con- 

d i t i o n s ,  e .g . ,  subsonic  flow, flow r e v e r s a l  ( s e p a r a t i o n ) ,  etc.  INTEGH w i l l  

normally d e t e c t  t h e s e  non-hyperbolic c o n d i t i o n s ,  p r i n t  a n  e r r o r  message, and 

t e rmina te  t h e  c a l c u l a t i o n s .  The u s e r  can, however, d i r e c t  INTEGH t o  a t tempt  

t o  march through t h e s e  region9 (see NHPLIM on ca rd  H2 below). 

sometimes be accomplished s u c c e s s f u l l y  i f  t h e  r eg ion  of non-hyperbolic con- 

d i t i o n s  i s  n o t  t o o  l a r g e  o r  t o o  s e v e r e  i n  con ten t .  

This can  



Because i t  i s  a s p a t i a l  marching i n t e g r a t o r  a s  opposed t o  ttie t i m e -  

dependent i n t e g r a t i o n  of the  s t anda rd  INTEG module, t h e  boundary c o n d i t i o n  

t rea tment  i n  INTEGH i s  of n e c e s s i t y  somewhat d i f f e r e n t  than t h a t  found i n  

INTEG ( s e e  Sec t ion  3.1.4 f o r  d e t a i l s ) .  Because of t h i s  d i f f e r e n t  t r ea tmen t ,  

a l l  s o l i d  boundar ies  are t r e a t e d  as f r ee - s l ip l t angency  su r faces .  Therefore ,  

t he  u s e r  should n o t e  t h a t  INTEGH w i l l  on ly  recognize  and en fo rce  boundary 

c o n d i t i o n s  of t ype  1 ( a x i s  node),  t ype  3 (three-dimensional co rne r  node), 

type 4 ( f r ee - s l ip / t angency  node), and type  8 ( f r e e  boundary node). 

boundary c o n d i t i o n s  ( n o - s l i p / s t a g n a t i o n  node) are t r e a t e d  as type  4 .  

boundary c o n d i t i o n s  ( cons t an t  node) are n o t  recognized a t  a l l  and must n o t  

be used. I n  p a r t i c u l a r ,  t h e  i n i t i a l  o r  i n f low plane i+pd t h e  l a s t  o r  ou t f low 

plane should  be t r e a t e d  w i t h  a type  9 boundary c o n d i t i o n  (no c o n s t r a i n t s )  

and not  t ype  0 ,  t ype  8 ,  e tc .  

Type 2 

Type 0 

- 

The i n p u t  data r equ i r ed  f o r  INTEGH are summarized i n  Chart  3-2 . I n  

much t h e  same manner as  wi th  a quas i -pa rabo l i c  i n t e g r a t i o n  run ,  t h e  u s e r  

s u p p l i e s  INTEGH wi th  t h e  geometry in fo rma t ion  from GEOllD on FILE20, t h e  

i n i t i a l  f l o w f i e l d  va lues  on t h e  f i r s t  p lane  o r  in f low s u r f a c e ,  and o t h e r  

necessary  c o n t r o l  v a r i a b l e s .  

i d e n t i c a l  t o  those  r equ i r ed  f o r  s t a n d a r d  INTEG runs and are desc r ibed  i n  

d e t a i l  i n  Refs.  3-11, 3-12, and 3-13. The re fo re ,  on ly  those  i n p u t  v a r i a b l e s  

p e c u l i a r  t o  INTEGH are  desc r ibed  i n  d e t a i l  below. 

Many of t h e s e  i n p u t  v a r i a b l e s  f o r  INTEGH a r e  

Card H2: METHOD c o n t r o l s  t h e  mode of o p e r a t i o n  of INTEGB. 

METHOD - 1 

= 2  

= 3  

No check of s p a t i a l  s t e p  s i z e  f o r  s t a b i l i t y .  
Cross p l anes  must be or thogonal  t o  t h e  x-axis. 

S p a t i a l  s t e p  s i z e  checked f o r  s t a b i l i t y  on each  
c r o s s  p l ane  - secopdary p lanes  used i f  neces- 
s a ry .  Cross p l anes  must be or thogonal  t o  the  
x-axi s . 
No check of s p a t i a l  s t e p  s i z e  f o r  s t a b i l i t y .  
Cross p l anes  need n o t  be o r thogona l  t o  t h e  
x-axis . 
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I 

Card Type 

H1 

H2 

H3 

H4 

H 5 

H6 

H7 

118 

H9 

I 

I 

Parameter /Fo m a  t 

I 

I 

ITITLE(I), 1=1,80 
(80A1) 

IDIM,METHOD,ITMAX,ITSAVE,ISTART,IOTYPE,IUNITS, 

IVISC,NHPLIM 
(915) 

DXFAC, EITOL 
(2E10.0) 

NPLT(I),MI2(I),MI3(I),NATT(I),L2(I),L3(1), 
1-1, NZONES+~ 

(615) 

GAM,WM,RK,EMU 
(4E10.0) 

KC(I), I=1,6 
(6A5 1 

NJ , INC ,NTOT, ITAN, ITYPE 
(515) 

RI ,UI ,VI, WI ,PI 
(5E10.0) 

N1, IC,NT, NP1, NPL,LSP 
(615) 

Chart 3.2 - INTEGH Input Guide 
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= 4  S p a t i a l  s t e p  s i z e  checked f o r  s t a b i l i t y  o n  coch 
c r o s s  p lane  - secondary p l a n e s  used i f  ncccs- 
s a r y .  Cross p lanes  need not  be orthogonal  t o  
t h e  x-axis. 

ITMAX l i m i t s  t h e  number of i t e r a t i o n s  used t o  s o l v e  equat ions  (3.5a,  
3.5b) when c r o s s  p lanes  are n o t  or thogonal  t o  t h e  x-axis. 
ignored i f  METHOD .LT. 3. 

ITMAX i s  

1nux = Maximum number of i t e r a t i o n s  permit ted.  
Nominal v a l u e  = 5. 

ITSAVE determines whether o r  n o t  t h e  f low f i e l d  w i l l  be saved on 
FILE22. 

ITSAVE = 0 Flow f i e l d  no t  saved on FILE22. 

- 1  Flow f i e l d  saved on FILE22. 

ISTART selects a c o l d  start  run  o r  a restart run. 

ISTART = 0 Cold s t a r t  run. 

= N  R e s t a r t  run beginning a t  plane number N. Flow 
f i e l d  d a t a  read from FILE22. 

IVISC se lec ts  t h e  u s e  of pseudo-viscous terms t o  assist  i n  t h e  
c a p t u r i n g  of s t r o n g  shocks.  

IVISC = 0 No pseudo-viscous terms used. 

= 1  Pseudo-viscous terms used t o  assist captur ing  
of s t r o n g  shocks. 
(Note: This o p t i o n  which u s e s  a v a r i a t i o n  of 
Har ten ' s  method of Ref. 3-14 i s  n o t  w e l l  
e x e r c i s e d  and should n o t  be used a t  t h i s  t ime.)  

NHPLIMPl selects  t h e  number of c r o s s  p lanes  i n  which non-hyperbolic 
c o n d i t i o n s  can occur  b e f o r e  te rmina t ing  t h e  c a l c u l a t i o n s .  

NHPLIM = 0 

= N  

Terminate c a l c u l a t i o n s  upon encounter ing 
non-hyperbolic condi t ions .  

Up t o  N c r o s s  p lanes  with non-hyperbolic con- 
d i t i o n s  can  be encountered b e f o r e  c a l c u l a t i o n s  
w i l l  be terminated.  
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Card H3: DXFAC i s  a s a f e t y  f a c t o r  (analogous t o  DTFAC 
used i n  INTEG) a p p l i e d  t o  t h e  s p a t i a l  s t e p  s i z e  
c a l c u l a t e d  from t h e  s t a b i l i t y  a n a l y s i s .  DXFAC 
i s  ignored i f  METHOD = 1 o r  3 .  Nominal value = 
0.9 - 1.0. 

EITOL i s  a r e l a t i v e  t o l e r a n c e  used t o  te rmina te  t h e  i t e r a t i o n  
procedure used i n  e q u a t i o n s  (3.5a,3.5b) on  c r o s s  p lanes  which a r e  
non-orthogonal t o  t h e  x-axis. 
Nominal v a l u e  = 1.OE-05. 

EITOL i s  ignored i f  METHOD = 1 o r  2 .  

Card H5: GAM i s  r a t i o  of s p e c i f i c  h e a t s  (same as  GAMS1 
i n  INTEG) 

Wl i s  t h e  molecular  weight of t h e  f l u i d  
can be l e f t  blank i n  which case RK must be suppl ied .  

(same as WMl i n  INTEG). WM 

EMU i s  a m u l t i p l i c a t i v e  c o e f f i c i e n t  used with t h e  pseudo-viscous 
o p t i o n  (IVISC = 1). 
(Note: This  o p t i o n  which u s e s  a v a r i a t i o n  of Harten's method of Ref. 
3-14 is. n o t  w e l l  e x e r c i s e d  and should no t  be used a t  t h i s  t i m e . )  

Nominal v a l u e  = 0.5 - 1.0 

Card H9: N 1  i s  t h e  node number of t h e  f i r s t  nodal po in t  
on t h i s  c a r d  t o  be p r i n t e d  dur ing  ouput. N 1  = 
-1 t e r m i n a t e s  t h e  reading of c a r d s  of type H9. 

I C  i s  t h e  nodal  number increment t o  N 1  a t  which o u t p u t  i s  d e s i r e d .  

NT i s  t h e  t o t a l  number of nodes t o  be p r i n t e d  by t h i s  card  type  H9. 

NP1 i s  t h e  f i r s t  plane t o  be e f f e c t e d  by t h e  v a l u e s  of N 1 ,  I C ,  and 
"J? on t h i s  card. 

NPL i s  t h e  l a s t  plane t o  be e f f e c t e d  by t h e  va lues  of N 1 ,  I C ,  and NT 
on t h i s  ca rd .  

LSP selects  t h e  p r i n t i n g  o r  suppress ion  of secondary p lane  output  
a s s o c i a t e d  w i t h  p lanes  NP1 through NPL. LSP i s  ignored if METHOD = 
1 o r  3 .  

LSP = 0 No secondary plane output  i s  p r i n t e d .  

= 1  A l l  secondary plane output  a s s o c i a t e d  w i t h  
p lanes  NP1 through NPL i s  p r i n t e d .  

3-25 



3 . 3  SAMPLE CALCULATION: SHOCK EXPANSION TEST CASE 

Figure 3-2 i l l u s t r a t e s  t he  d e t a i l s  of a sample c a l c u l a t i o n  performed w i t h  

t he  G I N  code s t eady  s t a t e  s p a t i a l  marching a l g o r i t h  (INTEGH). 

c o n s i s t s  of  uniform Mach 2.4 flow i n  a two-dimensional channel  which en- 

counters  a 14.04 deg ramp followed by a complementing 14.04 degree  t u r n  back 

t o  the  i n i t i a l  f low d i r e c t i o n .  An ob l ique  shock wave wi th  p re s su re  r a t i o  of 

approximately 2 . 3  forms a t  t h e  i n t e r s e c t i o n  of t h e  ramp and lower channel  

w a l l .  This  shock wave cont inues  downstream and a f t e r  r e f l e c t i n g  o f f  of the  

upper channel  wal l  i n t e r a c t s  w i th  t h e  expansion f a n  formed where t h e  ramp 

t u r n s  back p a r a l l e l  t o  t he  upper channel  wal l .  

t i o n a l  g r i d  c o n s i s t i n g  of 8 5  c r o s s  p l anes  wi th  41 modes per  plane.  

p re sen t s  t h e  v e l o c i t y  v e c t o r s  computed by INTEGH. The dense packing of t he  

v e l o c i t y  v e c t o r s  h i g h l i g h t s  t h e  wel l -def ined shock wave. The expansion f a n  

a l though present i s  less c l e a r l y  d i s c e r n a b l e .  Both t h e  shock wave and the 

expansion f a n  can  be seen ,  however, i n  F ig .  3-5 which i s  t h e  same v e l o c i t y  

v e c t o r  p l o t  as  Fig.  3-4 but  w i th  every  o t h e r  vec to r  masked ou t .  F igures  3 - 6 ,  
3 - 7 ,  and 3-8 show t h e  p re s su re ,  Mach number, and d e n s i t y  contours ,  respec- 

t i v e l y ,  f o r  t h i s  shock-expansion tes t  case. The p res su re  and d e n s i t y  contours  

have been normalized by t h e i r  i n f low va lues .  Computational time f o r  t h i s  case 

was approximatey 10 CPU sec pe r  node. Due t o  t h e  s h o r t  vec to r  l eng ths  

encountered (41  nodes pe r  c r o s s  p l ane ) ,  i t  i s  a n t i c i p a t e d  t h a t  INTEGH w i l l  be 

even more e f f i c i e n t  f o r  l a r g e r  problems. 

This  tes t  case 

Figure  3-3 shows the  computa- 

Figure 3-4 

-4 
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SHOCK WAVE 

MACH 2.4 - 
PANSION FAN 

Fig.  3-2 - Shock Expansion Test Case (Diagram of Solution) 

Fig.  3-3 - Shock Expansion Test Case (Computational Grid) 
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Fig. 3-4 - Shock Expansion Test Case (Velocity Vectors - Dense) 

Fig. 3-5 - Shock Expansion Test Case (Velocity Vectors - Sparse) 
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PRESSURE CONTOUTS 
P/po 

ST€ROY STRTE 

Fig. 3-6 - Shock Expansion Test Case (Pressure Contours) 
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t I X H  “ 8 E R  CONTOURS 
IO rwH 

STEROY STRTE 

Fig .  3-7 - Shock Expansion Test Case (Mach Number Contours) 
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Fig. 3-8 - Shock Expansion Test Case (Density Contours) 
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4.  INVESTIGATION OF A SOLUTION-ADAPTIVE G R I D  ALGORITHM 
FOR THE GIM CODE 

4 . 1  INTRODUCTION 

The s t a r t i n g  po in t  of a numerical  scheme f o r  a d i g i t a l  computer i s  a n  

a r r a y  of f i n i t e  p o i n t s  used t o  d i s c r e t i z e  the  continuum. The t rea tment  of 

f l u i d  f lows by t h e s e  f i n i t e  d i f f e r e n c i n g  methods has  advanced tremendously 

i n  r ecen t  y e a r s  due t o  product ion  of advanced computing machines such a s  the  

CDC CYBER 203 and t h e  CRAY. I n  a sense  t h e  machine advancements have pre- 

ceded t h e  methods advancements. 

s t a r t i n g  po in t  i t s e l f ,  t h e  gene ra t ion  of  a f i n i t e  mesh of p o i n t s  on which t o  

write the  d i s c r e t e  equa t ion  set. 

The pacing item appears  t o  be t h e  very  

We w i l l  n o t  a t tempt  t o  g ive  a complete l i t e r a t u r e  review i n  t h i s  re- 

p o r t ,  a s  a s e p a r a t e  r e p o r t  would be r equ i r ed  f o r  t he  e x t e n s i v e  number of 

papers ,  The NASA-sponsored meet ings a t  Langley (Reference 4-1) and Ames 

(Reference 4 - 2 )  c o n t a i n  a r t i c l e s  of s i g n i f i c a n c e .  

meetings on Computational F l u i d  Dynamics (References 4-3 through 4-5) con- 

t a i n  some a r t i c l e s  on adap t ive  and mul t l -gr id  methods, 
organized by M i s s i s s i p p i  S t a t e  Un ive r s i ty  and sponsored by AFOSR and NASA 

(Ref. 4-6)  provides  a t imely  forum f o r  t h i s  important  t o p i c  of g r i d  

genera t ion .  

. 
The AIAA-sponsored 

The symposium, 

The GIM (Ref.  4-3) code s o l v e s  t h e  multi-dimensional Navier-Stokes 

equa t ions  f o r  a r b i t r a r y  geometr ic  domains. 

code g e n e r a t e s  two- and three-dimensional  g r i d s  over  s p e c i f i e d  f low reg ions ,  

e s t a b l i s h e s  boundary c o n d i t i o n  informat ion  and computes f i n i t e  d i f f e r e n c e  

ana logs  f o r  l a t e r  use  i n  t h e  numerical  i n t e g r a t i o n  s o l u t i o n  module. 

g r i d  g e n e r a t i o n  technique can be c l a s s i f i e d  as a n  a l g e b r a i c  equa t ion  

approach a s  opposed t o  a d i f f e r e n t i a l  equa t ion  approach. The g r i d  a lgor i thm 

The geometry module i n  the  G I M  

The 
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uses  mul t i -va r i a t e  blending f u n c t i o n  i n t e r p o l a t i o n  of vector-valued 

func t ions  which d e f i n e  t h e  shape of t h e  edges and s u r f a c e s  bounding the  flow 

domain. By employing blending f u n c t i o n s  which conform t o  the  c a r d i n a l i t y  

cond i t ions ,  a u n i t  cube can be mapped on to  t h e  f low domain, t h u s  producing 

an  i n t r i n s i c  coord ina te  system f o r  t h e  reg ion  of i n t e r e s t .  The i n t r i n s i c  

coord ina te  system f a c i l i t a t e s  g r i d  spacing c o n t r o l  t o  a l l o w  f o r  nonuniform 

d i s t r i b u t i o n  o f  nodes i n  t h e  f low domain. 

The c u r r e n t  s t a t e  of t h e  a r t  i n  Computational F lu id  Dynamics r e l i e s  on 

g r i d s  t h a t  a re  f i x e d  i n  time, i . e . ,  s t a t i o n a r y  Euler ian  frames. Optimum use  

of computer s t o r a g e  and CP t i m e  cannot be made a p r i o r i  on a f i x e d  g r i d .  

The advanced a lgo r i thms  w i l l  r e q u i r e  time-dependent g r i d s  t h a t  adapt  

themselves t o  the  phys ics  of t h e  flow. The g r i d  movement terms are w e l l  

known and a number o f  codes a l r eady  e x i s t  with these terms programmed. What 

i s  missing i s  a methodology, even an  a lgor i thm,  t o  c l u s t e r  t h e  po in t s ,  i . e . ,  

supply va lues  f o r  t hese  known terms i n  t h e  equa t ions  and t o  c o n t r o l  movement 

of t h e  poin ts .  

The o b j e c t i v e s ,  then ,  of t h i s  research are:  

e To f i l l  some of t he  in fo rma t ion  gaps which e x i s t  i n  adap t ive  
g r i d  gene ra t ion  technology 

e To provide  a c o n s i s t e n t  t rea tment  of g r i d  gene ra t ion  and e r r o r  
c o n t r o l  on phys ica l  domains, w i t h  nonuniform spac ing  

e To develop a p r a c t i c a l  a lgo r i thm f o r  a se l f -gdapt ing  g r i d  f o r  
&vier-Stokes s o l u t i o n s .  

Our development w i l l  r e l y  h e a v i l y  on t h e  General  I n t e r p o l a n t s  Method 

( G I M )  methodology, bu t  t h e  formula t ion  and a lgo r i thm w i l l  be G I M  independent 

f o r  use  by t h e  g e n e r a l  community. 

4-2 



I 

I 4 .2  FORMULATION 

A set of "boundary conforming" coord ina te s  i s  genera ted  by a geometry 

module GIM code t o  s i m p l i f y  t h e  boundary c o n d i t i o n  procedures and d i f f e r e n c e  

! 

This work begins  by cons ide r ing  t h e  Euler  equa t ions  i n  two space dimen- 

s i o n s  and time. Extension t o  v i scous  flows and t h e  Navier-Stokes equa t ions  

is s t r a i g h t f o r w a r d .  The b a s i c  equa t ion  set  i n  x ,y  coord ina te s  i s  

a E  a F  - a u  + - + -  = 0 
a t  ax a y  

Here x , y , t  are t h e  s p a t i a l  coord ina te s  and t i s  t i m e .  The flow v a r i a b l e s  

are p = d e n s i t y ,  u ,v  = v e l o c i t y  components i n  x ,y  d i r e c t i o n s ,  r e s p e c t i v e l y ,  

e= t o t a l  energy and P = s t a t i c  pressure .  
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scheme. 

g u l a r  coordinates a n d  the physical coordinates are mapped onto this dutnalu. 

A computation domain i s  constructed w i t h  uniformly spaced rectan- 

Y A  

1 *X 

Phys ica l  
Domain 

Computational 
Doma i n  

Insertion of  a general curvi l inear  coordinate transformation, keeping a l l  

time-dependent terms, r e s u l t s  i n  t h e  following equation s e t :  

aU* aE* aF* - + -  + - = o  a-r a E  an 

where 

U = J U  

F * = xC[F - y,U] - yg[E  - xTU]  

4-4 



Here J i s  t h e  de t e rmina te  of t h e  t r ans fo rma t ion  Jacobian 

( 4 . 3 )  

and XES YE’ x rl , y rl are t h e  metric c o e f f i c i e n t s  and 

are t h e  c o o r d i n a t e  movement v e l o c i t i e s  i n  t h e  x ,y  d i r e c t i o n s ,  r e s p e c t i v e l y .  

Thus t h e  coord ina te6  i n  phys i ca l  space can move i n  t i m e  accord ing  t o  

. T h i s  can be from a moving boundary o r  from 
T’ yT 

t h e  p r e s c r i p t i o n  f o r  x 
i n t e r i o r  po in t  movement v i a  a n  a d a p t i v e  g r i d  a lgor i thm.  

t h e  p h y s i c a l  g r i d  i s  moved and remapped onto  t h e  f i x e d  computational g r i d  

v i a  t h e  metrics and t h e  Jacobian. 

t h e  equa t ions  i s  t h u s  u n a l t e r e d ,  and t h e  e f f e c t s  of coord ina te  movement i s  

t aken  i n t o  account i n  t h e  metric d a t a .  

A t  each t i m e  s t e p ,  

The f i n i t e  d i f f e r e n c e  program f o r  so lv ing  

Generation of t h e s e  metric d a t a ,  and i n  p a r t i c u l a r  t h e  Jacob ian  J ,  must 

be done w i t h  extreme cau t ion .  This is d i scussed  i n  d e t a i l  by Thomas and 

Lombard (Reference 4-7) where they  i n t r o d u c e  t h e  Geometric Conservation Law 

(GCL). I n  t h i s  procedure,  a d i f f e r e n t i a l  equa t ion  i s  so lved  f o r  t h e  

Jacob ian  J us ing  t h e  same d i f f e r e n c e  scheme as used on t h e  flow equat ions .  

This  r e s u l t s  i n  t o t a l  cons i s t ency  of numerics and p rese rves  uniform flow 

e x a c t l y .  

working code. 

I n  a n  a d a p t i v e  g r i d  scheme t h i s  w i l l  be very impor tan t  t o  a good 

We thus  append the  fo l lowing  equa t ion  t o  ou r  set. 
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To complete the  formula t ion ,  w e  need a p r e s c r i p t i o n  f o r  determining the 

For t h e  f i r s t  v e r s i o n  of t h e  G I N  adap t ive  g r i d  coord ina te  movement x T, y ,  . 
code, we use  t h e  scheme of Rai and Anderson (References 4-8 and 4-9). I n  

one space dimension, t h i s  scheme is simply w r i t t e n  as 

5 = K x  
N i-1 

j =i+l j =1 
( 4 . 5 )  

ij 

is a d i s t a n c e  between ‘id where e 

nodes i and j, and K,M are  chosen c o n s t a n t s .  The c u r r e n t  code uses  t h i s  

scheme i n  one of t h r e e  ways: 

i s  a measure of t he  e r r o r  a t  node j ,  j 

0 Coordinate movement i n  x d i r e c t i o n  only  

0 Coordinate movement i n  y d i r e c t i o n  on ly ,  and 

0 Coupled movement i n  both d i r e c t i o n s .  

The f u n c t i o n s  e 

scheme. Accurate de t e rmina t ion  of t h e  t r u n c a t i o n  e r r o r  i n  our scheme h a s  not 

been done y e t .  I n  the  c u r r e n t  code, t h e  e .  f u n c t i o n s  are s e t  t o  t h e  l o c a l  

p re s su re  g r a d i e n t ,  

p re sen t  one of t h e  major d i f f i c u l t i e s  i n  us ing  t h i s  j 

J 

Contro l  of t h e  g r i d  speeds ,  x T  , y T i s  a l s o  a concern wi th  t h i s  

scheme. Cont ro l  of t h e  speed i s  c u r r e n t l y  done wi th  t h e  c o n s t a n t  K, chosen 

a p r i o r i  i n  t h e  manner of Rai and Anderson (References 4-5 and 4-6 ) .  
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The MacCormack e x p l i c i t  , '  u n s p l i t ,  f i n i t e  d i f f e r e n c e  scheme (Refcrciic*t~ 

4-10) i s  used t o  so lve  a l l  d i f f e r e n t i a l  equat ions .  Boundary c o n d i t i o n s  con- 

sist of f i x e d  in-flow, supe r son ic  one-sided out-flow and s o l i d  w a l l  

f r e e - s l i p  ( tangency) .  The g r i d  v e l o c i t i e s  a r e  forced  t o  obey w a l l  tangency 

s o  t h a t  t h e  boundary p o i n t s  s t a y  i n  t h e  domain. 

The computation proceeds as fo l lows:  

0 An i n i t i a l  g r i d  is presc r ibed  on phys ica l  space by t h e  g r i d  
coord ina te  genera tor .  

0 T h e s e  coord ina te s  are mapped (numer ica l ly)  on to  the computa- 
t i o n a l  domain and t h e  metric d a t a  c a l c u l a t e d .  The Jacobian  J 
i s  i n i t i a l i z e d  by t h e  a l g e b r a i c  d e f i n i t i o n  (Eq. ( 4 . 3 ) ) .  

0 The g r i d  v e l o c i t i e s  are se t  t o  zero.  

0 Equation set ( 4 . 2 )  i s  formed and so lved  f o r  U* by t h e  
MacCormack method. Note t h a t  U* = (PJ ,  PuJ, PvJ, P g J , J ) .  

0 Boundary c o n d i t i o n s  are a p p l i e d ,  

0 The v e c t o r  U* i s  decoded f o r  p ,  u,  v , E ,  J .  

0 The p res su re  P i s  determined from the  i d e a l  g a s  l a w .  

0 Grid v e l o c i t i e s  are updated from Eq. (4.5). 

0 The coord ina te s  x ,y  are moved us ing  a f i r s t - o r d e r  scheme 

xn+l = xn + xn AT, 

yn+l = yn + y: AT 
'I 

t 

0 New m e t r i c s  are determined, xs, x n  , ys  , yn from t h e  known 
coord ina te  t ransformat ion .  

0 Equations (1 )  are formed (now wi th  x f a, y / 0).  

0 The s o l u t i o n  process  i s  repea ted  u n t i l  convergence is achieved 

T T 

t o  s t e a d y  s t a t e  o r  f o r  a f i x e d  number of t i m e  s t e p s .  
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4 . 3  RESULTS 

An exanple  case, s imple i n  n a t u r e ,  i s  shown here  t o  i l l u s t r a t e  t h a t  

t h i s  formula t ion  does work. This example case i s  a s t a n d i n g  shock wave i n  a 

duc t .  

p = 1.4  
u = 2.0 - v = 0.0 In Flow ~ 

p = 1.0 
M = 2.0 

p = 3.7338 
u = .7505 
v = 0.0 
p = 4.5 
M = 0.5776 

- 
-+ Out Flow 

The shock was placed i n  t h e  a x i a l  c e n t e r  of a f i x e d  g r i d  of 26 x 5 p o i n t s  

( 5  p o i n t s  i n  y d i r e c t i o n  for simplicity). The code was r u n  u n t i l  t h e  g r i d  

v e l o c i t y  x dropped s i x  o r d e r s  of magnitude from i t s  peak value.  r 

Converged r e s u l t s  are shown i n  Figure 4-1. The l e f t  f i g u r e  i s  t h e  

MacCormack s o l u t i o n  f o r  a f i x e d  g r i d ,  i .e . ,  xT = 0 f o r  a l l  '1. 

f i g u r e  shows t h e  r e s u l t  f o r  a n  a d a p t i v e  g r i d .  The p l o t s  are pressure  versus  

x with t h e  g r i d  p o i n t  p o s i t i o n s  shown a t  t h e  bottom € o r  re ference .  A s  seen  

h e r e ,  t h e  e r i d  motion r e s u l t e d  i n  p o i n t s  being moved c l o s e r  t o  t h e  shock 

d i s c o n t i n u i t y  and a l s o  r e s u l t e d  i n  a smoother c a l c u l a t e d  shock, i . e . ,  t h e  

overshoot  is almost  gone. 

The r i g h t  

Figure 4-2 shows t h e  same problem run with 51 a x i a l  p o i n t s  t o  t e s t  t h e  

a lgor i thm on a f i n e r  mesh. The l e f t  f i g u r e  shows v i r t u a l l y  t h e  same r e s u l t s  

f o r  g r i d  movement, but of course ,  a s t e e p e r  c a l c u l a t e d  shock. The r i g h t  

p l o t  on Figure 4-2 i s  a n  example of t h i s  problem when t h e  c o n s t r a i n t  on x 
was relaxed.  The g r i d  speeds g e t  t o o  f a s t ,  t h e  p o i n t s  c r o s s  one another ,  and 

the  e n t i r e  s o l u t i o n  goes u n s t a b l e .  
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Pressure vs X Pressure vs X 

F h e d  Grid Adaptive Cr I d  

Figure 4-1. One-dimensional shock tube problem-adaptive grid solution 

Pressure vs X Pressure vs X 

Converged Care 
(Pine Hesh) 

Unetable Care 
(Too Li t t le  Constraint on x r )  

Figure 4-2. One-dimensional shock tube problem-adaptive grid solution 
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4.4  EXTENSION TO HIGHER DIMENSIONS 

The work on a d a p t i v e  g r i d s  done under t h e  NASA-Langley c o n t r a c t  was 

r e s t r i c t e d  t o  t h e  o n e d i m e n s i o n a l  development. This work i s  c u r r e n t l y  being 
extended under Lockheed's Independent Research Program. Two- and 

three-dimensional formula t ions  have been accomplished and coding i s  now i n  

progress.  Documentation of t h e  multi-dimension work w i l l  be done under the 

Independent Research Program. 
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5. TURBULENCE MODELING I N  THE G I M  CODE 

5.1 INTRODUCTION 

This s e c t i o n  updates  t h e  mod i f i ca t ions  and a d d i t i o n s  t o  t h e  GIM code 

tu rbu lence  models s i n c e  t h e i r  las t  documentation (Ref. 5-1). The a l g e b r a i c  

eddy v i s c o s i t y  model of Baldwin and Lomax (Ref. 5-2) has  been extended t o  

two-dimensional f lows bounded by more than  one w a l l .  The o p t i o n  i s  a l s o  

provided t o  apply  t h e  model s e l e c t i v e l y  i n  d i f f e r e n t  r eg ions  of t h e  flow. 

These changes are d i scussed  i n  t h e  next  s e c t i o n .  The t h i r d  s e c t i o n  d e t a i l s  

t h e  f i n a l  form of t h e  w a l l  f u n c t i o n  boundary c o n d i t i o n s  chosen f o r  t he  tu r -  

hu len t  k i n e t i c  energy (TKE) d i f f e r e n t i a l  equa t ion  model, and d e s c r i b e s  t h e i r  

use and i n i t i a l i z a t i o n .  

The turbulence  models e x i s t  as f i l e s  of UPDATE d i r e c t i v e s  t o  t h e  b a s i c  

G I M  code INTEG module. 

b a s i c  module wi th  o f t e n  unused subrou t ines  and so t h a t  t h e  models could be 

coded i n  a manner compatible wi th  t h e  INTEG module but no t  n e c e s s a r i l y  wi th  

each o t h e r  s i n c e  on ly  one i s  used a t  a t i m e .  

This approach was adopted so as t o  n o t  adorn t h e  

5 . 2  IMPROVEMENTS TO THE BALDWIN/LOMAX MODEL 

The Baldwin/Lomax a l g e b r a i c  eddy v i s c o s i t y  model i n  t h e  GIM code has  

been extended t o  a l l o w  t h e  u s e r  t o  app ly  t h e  model w i t h i n  as many as t e n  

d i f f e r e n t  r eg ions  a long  a cro is - f low l i n e  of nodes. This  approach a l l o w s  

t h e  u s e r  t o  compute i n  r eg ions  w i t h  more than  one w a l l  and/or s e l e c t i v e l y  

apply  t h e  model t o  d i f f e r e n t  r eg ions  of t h e  flow domain. 

documented, t h e  model can  be used f o r  axisymmetric and two-dimensional f lows  

i n  e i t h e r  t h e  quas i -parabol ic  o r  e l l i p t i c  modes of GIM c a l c u l a t i o n .  

assumed t h a t  one set of g r i d  l i n e s  l i e s  approximately i n  a cross-flow 

d i r e c t i o n  (?12 f o r  QP c a l c u l a t i o n s ) .  

As prev ious ly  

It i s  
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These f e a t u r e s  are implemented by modifying DATA s t a t emen t s  w i t h i n  t h e  

UPDATE f i l e  i t s e l f ,  The v a r i a b l e s  which need t o  be changes are 

J R E G  = The number of r eg ions  a long  a l i n e  of nodes 

JlRG(1) = The s t a r t i n g  node f o r  Region I along a l i n e  
of nodes 

JLRG(1) = The number of nodes inc luded  i n  Region I. 

These v a r i a b l e s  are p r e s e n t l y  set f o r  one r eg ion  ex tending  over t he  f u l l  

l i n e  of nodes. J l R G  i s  a l o c a l  node number; i . e . ,  1 < J l R G  < number of 

nodes i n  t h e  cross-flow q d i r e c t i o n .  
- - 

Experience i n d i c a t e s  t h a t  t h e  model must be modified t o  some e x t e n t  f o r  

This i s  a r e s u l t  of the coupling of the almost every  c a l c u l a t i o n  performed. 
general i ty  of the GIM methodology and t h e  s p e c i f i c  n a t u r e  of most a l g e b r a i c  

turbulence  models. To provide f u r t h e r  v e r s a t i l i t y  ( e s p e c i a l l y  i n  geometric- 

a l l y  complex problems r e q u i r i n g  more t h a n  one zone); t h e  u s e r  can  modify t h e  

d e f i n i n g  s t a t emen t s  of the  fo l lowing  two v a r i a b l e s :  

JFRST = The g l o b a l  (GEOM-assigned) s t a r t i n g  node number i n  
t h e  r eg ion  a long  t h e  l i n e  of nodes being computed. 

"Y = The number of  nodes t o  be inc luded  i n  t h e  computation. 

I n  t h e  g e n e r a l  case NNY - JLRG. 

A s i m p l e  example of f low i n  a r e g i o n  between two walls may s e r v e  t o  

c l a r i f y  t h e  use  of t h e s e  reg ions .  

rll i s  t h e  streamwise d i r e c t i o n  and T 1 2  i s  t h e  cross-flow d i r e c t i o n .  

w e  choose t o  d i v i d e  t h e  f low i n t o  two r e g i o n s  a t  t h e  25th node a long  t h e  50 

node q2 l i n e .  

case should appear  as 

The problem i s  i l l u s t r a t e d  i n  Fig. 5-1. 

Here 

The modified DATA s t a t emen t s  i n  t h e  update  f i l e  f o r  t h i s  
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Node JFRST+49 7 

Node 
JFRST+25-1 I 

} Region 1 

Node JFRST 

Fig. 5-1 - Flow i n  a Two-Dimensional Region Bounded by Two Walls 

I 

I n  t h e  event  t h a t  t h e  minimum v e l o c i t y  w i t h i n  t h e  reg ion ,  which t h e  

model u ses  as a r e fe rence  l o c a t i o n ,  does no t  occur a t  one of t he  end p o i n t s  

of t h e  r eg ion  ( f o r  example, t h i s  s i t u a t i o n  could occur i n  wake f lows)  t h e  

model w i l l ~ s u b d i v i d e  the  reg ion  a t  t h e  minimum po in t  au tomat ica l ly .  

F i n a l l y ,  a word of caut ion .  Although t h e  above may seem complex, i t  

has  been found t o  be a coding arrangement a m e n a b l e  t o  t h e  modi f ica t ions  

which seem necessary with almast  every new problem. It was coded i n  t h i s  

form so as no t  t o  d i s t u r b  t h e  inpu t  t o  the  base l ine  model and a t  t h e  same 

time t o  r e q u i r e  cons ide rab le  us* p r e p a r a t i o n  p r i o r  t o  modif ica t ion .  

5-3 



5.3 BOUNDARY CONDITIONS FOR THE GIM/TKE MODEL 

The boundary cond i t ions  f o r  t h e  two-equation t u r b u l e n t  k i n e t i c  energy 

They c o n s i s t  of w a l l  func- TKE model i n  t h e  G I M  code have been f i n a l i z e d .  

t i o n  d e s c r i p t i o n s  of t h e  behavior of t h e  momentum, t u r b u l e n t  k i n e t i c  energy, 

k, and t h e  rate of d i s s i p a t i o n  of t h e  t u r b u l e n t  k i n e t i c  energy, E .  

cond i t ions  o v e r r i d e  t h e  type  2 (no - s l ip )  boundary c o n d i t i o n s  i n  t h e  code 

when t h e  TKE model updates  are  app l i ed .  

symmetric, two- and three-dimensional e l l i p t i c  o r  quas i -parabol ic  ca l cu la -  

t i o n s .  This s e c t i o n  w i l l  d e s c r i b e  t h e  form of these  boundary cond i t ions  and 

t h e i r  a p p l i c a t i o n  i n  t h e  code. To d a t e ,  no t es t  cases have been run using 

t h i s  model and t h e  need f o r  a r t i f i c i a l  damping t o  s t a b i l i z e  t h e  t i m e -  

i t e r a t i v e  s o l u t i o n  of t h e s e  e q u a t i o n s  has  n o t  been s t u d i e d .  The form of t h e  

damping terms h a s  n o t  been de r ived .  

These 

The model can  be used f o r  axi- 

Wall f u n c t i o n  boundary c o n d i t i o n s  f o r  d i f f e r e n t i a l  equa t ion  turbulence  

models a l l o w  t h e s e  more complex and s to rage - in t ens ive  models t o  be computed 

wi thout  r e s o l v i n g  the behavior of t h e  laminar  sub laye r  which necessitates 

very  f i n e  meshes and l a r g e  number of nodes. It i s  assumed t h a t  t he  f i r s t  

node o f f  t h e  wal l  i n  such c a l c u l a t i o n s  l i es  e i t h e r  i n  t h e  laminar  sub laye r  

o r  t h e  l o g a r i t h m i c  "law-of-the-wall" reg ion .  The w a l l  f u n c t i o n s  i n  the  

GIM/TKE model are modeled a f t e r  t h o s e  of Taylor ,  Thomas, and Morgan (Ref. 

5-3) w r i t t e n  i n  a compress ib le  form. 

boundaries f o r  t h e  momentum, k and E equat ions .  The w a l l  f u n c t i o n s  are 

g iven  i n  Fig. 5-2. For t h e  momentum e q u a t i o n s  t h e  computed flow d i r e c t i o n  

Is cons t r a ined  t o  be tangent  t o  t h e  wal l  and t h e  magnitude of t h e  momentum 

is computed from t h e  w a l l  f u n c t i o n .  

These f u n c t i o n s  are a p p l i e d  a t  type  2 

The v a r i a b l e  v i s c o s i t y  f l a g s  are i n p u t  as fo l lows  f o r  t h e  GIM/TKE model: 
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Moment urn : 

+ w =  
Prl+ + ; o < r l  - < 5  

Turbulent Kinetic Energy 

where 

K = 0.42 

Fig. 5-2 - GIM/TKE Wall Functions 
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VF(3) = c\, = 0.09 

VF(4) C,1 = 1.44 

VF(5) = C,2 = 1.92 

VF(6) = Pr t  = 0.9 

VF(7) = ~T/ , ,L  = 10 t o  100 

VF(8) = q'/q = a few percent  

where C u ,  CE1 and CE2 are c o n s t a n t s  i n  t h e  model, P r t  is t h e  t u r b u l e n t  P r a n d t l  

number, 

r a t i o  of t u r b u l e n t  f l u c t u a t i o n s  of v e l o c i t y  t o  t h e  magnitude of v e l o c i t y .  

The l a t t e r  two q u a n t i t i e s  a r e  used i n  i n i t i a l i z a t i o n  of t h e  turbulence  quan- 

t i t i es .  

t i t i e s  as 

is t h e  r a t i o  of t u r b u l e n t  t o  laminar  v i s c o s i t y ,  and q ' / q  is t h e  

Throughout t h e  flow k and E are i n i t i a l i z e d  from i n p u t  flow quan- 

where UT is determined from llL and VF(7). 

f i c i e n t  t o  i n i t i a l i z e  t h e  magnitude of t h e  momentum a t  t h e  w a l l  p o i n t s .  

Here w e  must assume t h e  normal d i s t a n c e  of t h e  f i r s t  node p o i n t  from t h e  

w a l l .  I n  t h e  code i t  i s  assumed t h a t  t h e  f i r s t  node i s  one-tenth t h e  normal 

g r i d  spac ing  from t h e  w a l l ,  i .e . ,  

These q u a n t i t i e s  are i n s u f -  

(nx Ax + n Ay + nz Az)/lO Y 

where n n and n are t h e  components of t h e  normal t o  t h e  s u r f a c e  

a t  t h e  w a l l  node and Ax, Ay and Az are t h e  g r i d  spac ings  a t  t h a t  node. The 

dimensionless speed becomes 

x' y '  z 
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from this the dimensionless normal distance from the wall can be calculated 

from the wall functions as 

I q+ ; o < q + < 5  - 
+ exp[(q + 3.05)/5.0] ; 5 < q+ < 14 - 

exp[(q+ - 5.5)/2.5] ; q + > 1 4  . 
- 

Finally, the dimensional speed at the wall becomes 

The energy is initialized consistant with the input pressure and density and 
the above speed. 

boundaries in a consistant fashion. 
It is necessary for the user to input type 0 (fixed) 
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Appendix A 

A . l  INTRODUCTION 

The a n a l y s i s  of non-reacting flow f i e l d s  i s  s t i l l  a d i f f i c u l t  t a s k ,  

even wi th  modern computational techniques .  

when r e a c t i n g  flows have t o  be cons idered .  

rate r e a c t i o n  systems u s u a l l y  r e q u i r e s  t h e  c o n s i d e r a t i o n  of numerous chem- 

i c a l  s p e c i e s ,  and o f t e n  even more numerous r e a c t i o n  processes  desc r ib ing  t h e  

i n t e r a c t i o n  of t h e  va r ious  spec ie s .  This ,  i n  some cases, d r a s t i c a l l y  in-  

c r e a s e s  computational t i m e ,  and always increases program s t o r a g e  requi re -  

ments. It i s  t h e r e f o r e  of i n t e r e s t  t o  d e v i s e  procedures which can be used 

t o  e s t a b l i s h  reduced o r  g l o b a l  r e a c t i o n  models which are capable  t o  f a i t h -  

f u l l y  reproduce t h e  r e s u l t s  of d e t a i l e d  and complete models, i n  s p i t e  of 

using on ly  a l i m i t e d  number of s p e c i e s  and r e a c t i o n  equat ions .  Provided 

t h a t  such a g l o b a l  mechanism can be de f ined ,  which i s  probably more a matter 

of proper judgement than  of computation, a sys t ema t i c  procedure t o  e v a l u a t e  

t h e  necessary  g l o b a l  ra te  c o n s t a n t s  i s  desc r ibed  here.  The s p e c i f i c  case of 

hydrogen-air combustion i n  a supe r son ic  f low i s  cons idered ,  bu t  t h e  pro- 

cedure  should be a p p l i c a b l e  t o  a r b i t r a r y  r e a c t i o n  systems. 

The t a s k  is even more d i f f i c u l t  

R e a l i s t i c  modeling of f i n i t e  

A. 2 METHODOLOGY 

The a p p l i c a t i o n  of t h e  methodology t o  be desc r ibed  assumes t h e  avail-  

a b i l i t y  of a time-dependent f i n i t e  rate r e a c t i o n  computer code which can  

compute t h e  e v o l u t i o n  of t h e  s p e c i e s  composition and t h e  temperature as a 

f u n c t i o n  of t i m e  du r ing  a combustion process .  A one-dimensional, i n v i s c i d  

pre-mixed c a l c u l a t i o n  s u f f i c e s  f o r  t h i s  purpose. 
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L e t  us assume t h a t  t h e  full set of s p e c i e s  and r e a c t i o n s  t o  be reduced 

( o r  "g loba l i zed" )  i s  g iven  by m = l,.. .,NR r e a c t i o n s  involv ing  i = 1,. ..,NS 
s p e c i e s ,  i .e . ,  

where t h e  Ai denotes  the  s p e c i e s  chemical symbol and the  v 
are t h e  s t o i c h i o m e t r i c  c o e f f i c i e n t s  of t h e  r e a c t a n t s  and the  products  f o r  

t h e  mth r e a c t i o n ,  r e s p e c t i v e l y .  k denotes  t h e  forward rate cons t an t  
f ,m 

f o r  t h e  mth r e a c t i o n .  

and v '  
i , m  i , m  

The n e t  rate of product ion  f o r  any s p e c i e s  A p a r t i c i p a t i n g  in re- i 
a c t i o n  m ( i . e . ,  v '  - # 0) is then  g iven  by i , m  ' i , m  

where 

1 [IT CiiSm - - 
c , m  

V 

m f ,m K Ci = k (A. 3.) 

and where w e  have made use  of t h e  r e l a t i o n  r e l a t i n g  the  forward and backward 

rate c o n s t a n t s  through t h e  c o n c e n t r a t i o n  equ i l ib r ium c o n s t a n t ,  v i z .  

The t o t a l  n e t  rate of product ion  f o r  s p e c i e s  from the  set of m r e a c t i o n s  is 

then  g i v e n  by summing t h e  c o n t r i b u t i o n s  w from ( A . 2 )  over  a l l  m re- 

a c t i o n s ,  i .e . ,  
i ,m 

i = c 4 , m  
m 
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I 
Now l e t  u s  assume t h a t  t he  above desc r ibed  f u l l  se t  ( i = l ,  ..., NS, m = l ,  ..., NR) 

1s t o  be rep laced  by a n  e q u i v a l e n t ,  but reduced set  of j=l,. . . ,NS s p e c i e s  

and n i l ,  ...,NR r e a c t i o n s ,  where NS < NS and, p r e f e r r a b l y ,  NR << NR. The 

q u e s t i o n  t h a t  arises is, what are t h e  ra te  c o n s t a n t s  f o r  t h e  p o s t u l a t e d  re- 

duced set of r e a c t i o n s ?  Assuming t h a t  by some reasoning  a reduced set of 

s p e c i e s  and r e a c t i o n s  has  been de f ined ,  t h e  l a t t e r  i s  desc r ibed  by 

A 

A ,-. 3 

and, as b e f o r e ,  

where 

Again, t h e  t o t a l  n e t  rate of product ion  f o r  s p e c i e s  j from t h e  reduced se t  

of r e a c t i o n s  is obta ined  as before  by summing t h e  c o n t r i b u t i o n s  of a l l  n 

r e a c t i o n s  such t h a t  

where Avj,n is def ined  as 

(A. 10 )  

For j s p e c i e s  comprising t h e  reduced o r  "g loba l ized"  set ,  Eq. (A.9)  

r e p r e s e n t s  a set of j simultaneous l i n e a r  equa t ions  f o r  t h e  unknown Gn,  
i .e . ,  

( A . l l )  
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. 
where (Av ) r e p r e s e n t s  a c o e f f i c f e n t  matrix, and w and w r ep resen t  

j ,n n j 
colurnii v e c t o r s .  

In  g e n e r a l ,  provided t h a t  n = j  and t h a t  t h e  c o e f f i c i e n t  ma t r ix  is  non- 

s i n g u l a r  t h e  above set can be so lved ,  e i t h e r  by success ive  e l i m i n a t i o n  ( t r i -  

angu la t ion )  o r  by us ing  Cramer's r u l e ,  i n  which case t h e  s o l u t i o n  i s  

n = ( A v ~ , ~ ) - '  ij 

where 

(A.12) 

(A.13) 

Since the reduced o r  g l o b a l i z e d  set is supposed t o  be e q u i v a l e n t  t o  t h e  

o r i g i n a l  f u l l  set ,  we must p r e s c r i b e  t h a t  t h e  n e t  rates of product ion  from 

t h e  reduced se t  be equa l  t o  those  of t h e  f u l l  set f o r  t h e  s p e c i e s  r e t a i n e d ,  

i . e . ,  

. . A 

(j=i=l, ..., NS) j = wi (A.14) 

and, s i m i l a r l y ,  t h a t  t h e  c o n c e n t r a t i o n s  be equa l ,  i .e.,  

c = ci ( j = i = l ,  ..., NS) (A.15) 
j 

Using t h e s e  equiva lency  c o n d i t i o n s ,  t h e  l e f t  hand s i d e  of Eq. (A.8) i s  

determined by Eq. (A.12), wh i l e  t h e  bracke ted  term on t h e  r i g h t  hand s i d e  of 

Eq. (A.8) i s  determined by t h e  known concen t r a t ions  from t h e  f u l l  se t  cal- 
c u l a t i o n s .  Hence w e  can s o l v e  f o r  t h e  unknown rate cons t an t  k f , n '  i.e.9 

W 

(A. 16 )  
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where, accord ing  t o  Eq. (A.15), t h e  C are the  concen t r a t ions  as d e t e r -  

mined from t h e  f u l l  set. 
j 

The procedure i s  completed by p l o t t i n g  and curve f i t t i n g  t h e  k as 
f , n  

a f u n c t i o n  of temperature.  Other parameters such as f u e l  t o  o x i d i z e r  r a t i o  

may have t o  be inco rpora t ed  t o  g e n e r a l i z e  t h e  a p p l i c a b i l i t y  of t h e  ra te  con- 

s t a n t s  thus  de r ived .  

Seve ra l  problems can arise wi th  t h e  s o l u t i o n  of t h e  se t  of l i n e a r  

simultaneous equa t ions  r ep resen ted  by Eq. ( A . l l ) ,  depending on t h e  number of 

s p e c i e s  j ,  and t h e  number of r e a c t i o n s  n,  comprising t h e  "g loba l ized"  set .  

If  j > n,  obvious ly  the  set i s  over-determined, and w e  have a choice  of 
s p e c i e s  product ion  rates t o  be used t o  determine t h e  r e a c t i o n  rates w 

I f  j < n, t h e r e  are more unknowns than  equat ions .  The s o l u t i o n  t o  t h i s  

problem i s  t o  s p e c i f y  n-j ra te  c o n s t a n t s ,  l eav ing  j equ iva len t  rate con- 

s t a n t s  t o  be determined. Even i f  j=n, t h e  c o e f f i c i e n t  ma t r ix  (v ) I s  

not  n e c e s s a r i l y  nons ingular .  The reason  f o r  t h i s  i s  as  fo l lows .  I f  we con- 

s i d e r  j s p e c i e s  composed of i elements,  w e  can g e n e r a l l y  write i a l g e b r a i c  

equa t ions  f o r  e l emen ta l  conserva t ion .  

are s u f f i c i e n t  t o  compute t h e  s p e c i e s  composition of t h e  g a s ,  t h a t  i s ,  only 

j-i equa t ions  are l i n e a r l y  independent.  

t h i s  means t h a t  a g a i n  i n  Eq. (A.11) n < j ,  which i s  t h e  c a s e  d i scussed  f i r s t .  

j' 

j ,n 

This means t h a t  j-i rate equa t ions  

Considering t h e  p r e s e n t  a p p l i c a t i o n  

The s p e c i f i c  example of hydrogen-air combustion desc r ibed  i n  t h e  next 

s e c t i o n  will c l a r i f y  t h e  a p p l i c a t i o n  of t h e  methodology j u s t  desc r ibed .  

A.3 HYDROGEN-AIR COMBUSTION 

The c o n f i g u r a t i o n  chosen t o  tes t  t h e  g e n e r a l  methodology w a s  a rela- 

t i v e l y  simple one, namely premixed, one-dimensional supe r son ic  flow of a 

hydrogen-air mix ture  i n  a c o n s t a n t  area channel.  De ta i l ed  combustion 

c a l c u l a t i o n s  were performed us ing  t h e  ALFA code (Ref. A-1). Spec ies  
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considered cons i s t ed  of N2, 02, H2, H 2 0 ,  OH, 0, H, H202 and H02.  

N 
l a t e d  us ing  a set  of r e a c t i o n s  f o r  hydrogen-oxygen combustion adapted 

from those  g iven  by Beach, Mackley, Rogers, and C h i n i t z  (Ref. A-2). The f u l l  

s e t  as used i s  g iven  i n  Table A-1. 

While 

was considered t o  be i n e r t  c o n c e n t r a t i o n s  of t he  remaining s p e c i e s  were calcu- * 2 

On t h e  b a s i s  of arguments p re sen ted  by Rogers and Ch in i t z  (Ref. A-3), 

t he  g l o b a l  model w a s  s e l e c t e d  t o  c o n s i s t  of two r e a c t i o n s ,  namely 

f , 2  
k 

2 H 2 0 s  2 OH + H2 

(A.17) 

( A .  18) 

The second r e a c t i o n  a c t u a l l y  being t h e  r e v e r s e  of t h e  one g iven  i n  Ref. A-3 

s o  t o  conform t o  t h e  r e a c t i o n  rate i n p u t  format of t he  ALFA code ( s i n c e  the  

r e a c t i o n s  can proceed e i t h e r  way, t h e  form chosen i s  immaterial). Spec ies  

involved i n  t h e  g l o b a l  model t hus  c o n s i s t  of N2, 02, H2, OH, and 

H 2 0 ,  i .e.,  f i v e  s p e c i e s  as compared t o  n i n e  i n  the  f u l l  s e t ,  w i th  a 

r educ t ion  i n  r e a c t i o n s  from 18 t o  2. 

Appl i ca t ion  of t h e  p rev ious ly  desc r ibed  methodology t o  determine t h e  

unknown rate c o n s t a n t s  k and k i s  s t r a i g h t f o r w a r d .  
f , l  f , 2  

From Eqs. (A.8)  and (A.9) w e  f i n d  t h a t  

w -  - kf,l (‘H2 ‘02 - I 

1 c ,1 

1 2  
‘OH ‘H2) 

- -  2 
2 

kf,2 (‘H20 K c , 2  

* 
See Appendix B,  Table B-la and a s s o c i a t e d  text f o r  d i scuss ion .  

(A.19) 

(A.20) 
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v1 
U 

i-i 
d w 
FI 
I 

I4 

A-7 



and 

W 
O2 

H2 

H2° 

W 

W 

OH W 

1 - w  

- w  1 2  + w  

(A .  21) 

- 2 w2 

2 w  + 2 w 2  1 

Since  t h e  n e t  product ion  rates of 02, H 2 ,  H20 and OH are known from 

t h e  f u l l  se t  c a l c u l a t i o n s ,  we can  determine and G2. As seen  from 

(A.21) we have fou r  equa t ions  f o r  two unknowns, two of t h e  equa t ions  

v id ing  our.unknowns d i r e c t l y ,  i . e . ,  

Eq 
pro- 

O2 "1 = - "  
(A.22) 

w2 5 - - w  2 H 2 0  

A l t e r n a t i v e l y  w e  can use  t h e  second and t h e  f o u r t h  e q u a t i o n  t o  o b t a i n  

1 .  ? .  I I w - - w  - - w  1 4 OH 2 H2 

(A.23) 
1 '  1 '  w = - w  + - w  2 4 OH 2 H2 

Thus, from Eqs. (A.19),  (A.20),  and (A.23) 

1 '  1 '  
4 OH 2 H2 

c - -  

- w  - - w  
0 

1 2  

c , l  
'OH 

kf ,1 
O2 K 

(A.24) 
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1 '  1 '  - w  + - w  4 OH 2 H2 

- -  c2 c = 2  f 9 2  

k 

OH H2 
I 

i 

I 

(A.25) 

where t h e  r i g h t  hand s i d e s  are completely determined from t h e  f u l l  se t  cal- 

c u l a t i o n s .  

A . 4  RESULTS 

Resu l t s  from t h e  f u l l  se t  c a l c u l a t i o n s  are shown i n  Figs.  A-1 and A-2. 
I n i t i a l  c o n d i t i o n s  were T = 1000K, p =I 760 t o r r ,  M = 2 . 2 4  and a n  equiva lence  

r a t i o  of @ = 0 .25  ( i n i t i a l  c a l c u l a t i o n s  wi th  h ighe r  equiva lence  r a t i o s  pro- 

duced too  l a r g e  a h e a t  release w i t h  choking of flow as a r e s u l t ) .  

from Fig. A-1, t h i s  case is c h a r a c t e r i z e d  by a d e f i n i t e  i g n i t i o n  de lay  (0 < 
x - < 22 cm), be fo re  t h e  tempera ture  g r a d i e n t  shows any change (at cons t an t  

v e l o c i t y  t h e  d i s t a n c e  of 22 cm corresponds t o  a d e l a y  t i m e  of 0.15 msec). 

The combustion f r o n t  is cen te red  around x = 29 c m ,  and combustion is basic- 

a l l y  complete a t  x = 4 0  cm. 

As seen  

Figure  A-2 shows t h e  s p e c i e s  d i s t r i b u t i o n s  through t h e  combustion 

f r o n t .  

concen t r a t ions  of 10 . Note t h a t  i n  t h e  e v a l u a t i o n  of k and k 

( t h e  g loba l  rate Cons tan ts )  w e  i gnore  t h e  e x i s t e n c e  of  t h e  minor s p e c i e s  

The two s p e c i e s  no t  shown (H202 and H 0 2 )  never reach  r e l a t i v e  
-4 

f , 2  f ,1 

H202 and H 0 2 ,  as well as 0 and H, i nc lud ing  t h e i r  t r a n s i e n t  peaks. 

Global ra te  c o n s t a n t s  k and k were eva lua ted  s imul taneous ly  
f 3 1  f 3 2  

w i th  t h e  r e s u l t s  j u s t  shown. 

s p e c t i v e l y .  Note t h a t  k is p l o t t e d  ve r sus  T = T-T ( i n i t i a l ) .  From 

t h e  r e s u l t s  i t  can  be seen  t h a t  k i n c r e a s e s  by almost t h r e e  o r d e r s  of  

magnitude whi le  t h e  temperature i n c r e a s e s  by only  one degree  du r ing  t h e  

i g n i t i o n  de lay  period. 

any of t h e  s t anda rd  rate c o n s t a n t  formats  (k = A.T exp(B/T)). As shown 

i n  Fig.  A-3, kfB1, however, d i s p l a y s  a reasonable  behavior  when p l o t t e d  

They are p l o t t e d  i n  Figs.  A-3 and A-4, re- 

f , l  

f , l  

It was found imposs ib le  t o  f i t  t h i s  behavior  w i th  
N 
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Fig.  A-1 - Supersonic Channel Flow with H2-Air Combustion ($I = 0.25)  
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Fig. A-2 - Supersonic Channel Flow with H2-Air Combustion (9 = 0.25) 

A-l  1 



AT 

Fig .  A-3 - Global Rate Constant k as a Function of AT 
(AT = T - lOOo.0) f 9 1  
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versus AT. 

A - 4 .  

form k = A exp(-B/T). 

model revealed that excellent results can be obtained from the global model 
provided that the global rate constants are curve fitted accurately in the 

low temperature regime (i.e., for the conditions during the ignition delay 
period). A close fit for the high temperature region is much less important 
as in this region the rate of production is essentially determined by the 

kf,2, plotted versus inverse temperature, is shown in Fig. 

The almost perfect straight line immediately suggests a fit of the 
Trial curve fits and calculations with the global 

concentrations 

The final 

of the reactants being depleted. 

3 best curve fits obtained are (in cm /part sec) 

1 
0.979 6.925 . AT 

3.80 . exp(-116,000/RT) f,2 
k 

( A .  26) 

(A.27) 

with emphasis on accuracy in the low temperature regime. The validity of 

these particular rate constants is, of course, at least at this time, re- 
stricted to the conditions used in these calculations. 

Using the ALFA code, cowbustion calculations were then repeated using 

identical initial conditions but with the global model consisting of only 

five species ( N2, 02, H2, OH, and H20) and the two reactions (17, 18) 
with rate constants as given in Eqs. (A.26) and (A.27). The results are 
shown in Figs. A-5 and A-6 in comparison with the results from the detailed 

reaction model. As seen in Fig. A-5, results for the distribution of veloc- 

ity, temperature and pressure are in excellent agreement with the detailed 
results, and the ignition delay is modeled exactly, for all practical pur- 
poses. Final temperature (and pressure) is slightly higher than that from 

the detailed model, a result expected based on the discussion given in Ref. 
A-3. 

compared in Fig. A-6. The agreement is very satisfactory. 

Species concentration distribution through the combustion front can be 
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NS = 9 ,  NR = 18 (Deta i led  Model) 

- _ _ -  NS = 5 ,  NR = 2 (Global Model) 

Dis tance ,  X ( c m >  

Fig. A-5 - Supersonic Channel Flow with H - A i r  Combustion (0 = 0.25) 2 

A-15 



loo 

lo-' 

NS = 9, NR = 18 (Detailed Model) 
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A.5 CONCLUSIONS AND RECOMMENDATIONS 

A g e n e r a l  methodology has  been presented  t o  s y s t e m a t i c a l l y  reduce de- 

t a i l e d  r e a c t i o n  models, employing numerous species and r e a c t i o n  rates,  t o  

g l o b a l  systems with a minimum number of s p e c i e s  and r e a c t i o n  mechanisms. 

Global rate c o n s t a n t s  can be eva lua ted  d i r e c t l y  thus  avoid ing  p o s s i b l e  

t ed ious  t r i a l  and e r r o r  procedures.  

The methodology was a p p l i e d  t o  t h e  hydrogen-air combustion k i n e t i c s  

sys tems.  

almost e x a c t l y  reproduce t h e  r e s u l t s  ob ta ined  by us ing  t h e  d e t a i l e d  k i n e t i c s  

mechanism. The on ly  real problem encountered was t h a t  of curve  f i t t i n g  one 

of t h e  two g l o b a l  ra te  cons t an t s .  It w a s  found t h a t ,  i n  o r d e r  t o  model t h e  

i g n i t i o n  d e l a y  c o r r e c t l y ,  care must be t aken  t o  o b t a i n  a n  a c c u r a t e  repre- 

s e n t a t i o n  of t h e  g l o b a l  ra te  c o n s t a n t s  as a func t ion  of temperature i n  t h e  

i g n i t i o n  d e l a y  per iod .  

Global rate c o n s t a n t s  were eva lua ted ,  curve  f i t t e d ,  and used t o  

The g l o b a l  ra te  c o n s t a n t s  which were eva lua ted  are obvious ly  v a l i d  f o r  

t h e  sample case presented ,  bu t  no t  f o r  o t h e r  cond i t ions  ( tempera ture ,  equiv- 

a l e n c e  r a t i o ,  p re s su re ,  etc.). Fur the r  c a l c u l a t i o n s  should be performed t o  

e s t a b l i s h  g l o b a l  ( o r  compound) rate c o n s t a n t s  of more g e n e r a l  a p p l i c a b i l i t y .  
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Appendix B 

s UPERSONI c AIR-METHANE- SILANE/ H I GNIT ION* 

- I 

This work was performed i n  the period extending from 27 May 1981 t o  a cut- 
o f f  date of 31 December 1981. 



Appendix B 

ABSTRACT 

t 

Deta i led  k i n e t i c s  mechanisms f o r  si lane-hydrogen and methane ox ida t ion  

have been combined and adapted f o r  use  i n  computation of t he  c h a r a c t e r i s t i c s  

of supersonic  air-methane-silane/H i g n i t i o n  and h e a t  release. After 2 
i n i t i a l  mechanis t ic  ref inement  i n t e r f a c i n g  wi th  t h e  p r e s e n t l y  meager d a t a  

(1981),  p r e d i c t i o n s  made wi th  Lockheed's ALFA code us ing  the  r e f i n e d  mecha- 

nism as p r e s e n t l y  c o n s t i t u t e d  - i n  a cons t an t  p re s su re ,  one-dimensional f low 

regime - are a t  least w i t h i n  a f a c t o r  of 2 of e a r l y  shock tube  measurements 

of i g n i t i o n  de lay  a t  Langley Research Center  over t h e  range 800 t o  lOOOK f o r  

silane-H2-02/N2 mixtures .  

of t h e o r e t i c a l  i g n i t i o n  and r e a c t i o n  times i n  silane-CH4-air mixtures have 

been ob ta ined ,  

de l ay  and combustion times f o r  methane i n  air .  

I n i t i a l  r e s u l t s  of a parametric examinat ion 

Use of si lane as an i g n i t i o n  a i d  m a t e r i a l l y  reduces i g n i t i o n  

INTRODUCTION 

The inherent promise of s i l ane  ae an igni t ion  a id  i n  tes t ing  hydrogen- 

fue l ed ,  a i r f r ame- in t eg ra t ed ,  supe r son ic  combustion ramjet engines  was f i r s t  

r epor t ed  by Beach e t  a l .  i n  Ref. B-1. I n i t i a l  experiments and a n a l y t i c a l  

r e sea rch  a t  NASA-Langley r e l a t i n g  t o  the  use  of s i l a n e  i n  scramjet ground 

t e s t i n g  i s  presented  by Beach e t  a l .  a long wi th  a n  e a r l y  SiH4/H2 combus- 

t i o n  mechanism formulated t o  permit k i n e t i c  computations of hydrogen-air 

f lows employing s i l a n e  i g n i t i o n  a i d .  

Use of hydrocarbons as f u e l  i n  p o t e n t i a l  scramjet a p p l i c a t i o n s  i s  a l s o  

A s  enumerated i n  the  review of p o t e n t i a l  of more than  concep tua lB in te re s t .  

scramjet a i r c r a f t  technology i s s u e s  by Jones  and Huber (Ref. B-2), 
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hydrocarbons suffer by comparison to hydrogen as scramjet fuel due to their  

lower heats of combustion per unit mass and longer ignition delays. Other 

systems aspects arising from their intrinsically higher density and ease of 

handling and storage as liquids combine, however, to make the choice more 

competitive. 
issue of fuel choice between hydrogen and hydrocarbons such as methane, 

methanol or conventional JP-type aviation fuels. The outcome of such compe- 
tition will clearly be effected by the utility of ignition aids such as 

silane in holding ignition and reaction times to manageable levels for these 

various fuels in flight regimes in which autoignition is not achievable. 

Future systems development may very well hinge on the crucial 

The present study has been undertaken with the goal of extending the 

work of Ref. B-1 from the SiH /H 
combustion system as a first step in the analytical exploration of the 
utility of silane as an ignition aid for testing hydrocarbon-fueled, 
airframe-integrated, supersonic combustion ramjet engines. Parametric com- 

putations were carried out to guide the experimental studies which seem 

likely to follow the favorable results of the present effort and initial, 

unpublished engine tests with hydrocarbons at GASL employing silane as igni- 

tion aid. During the course of the present study, results of initial shock 

tube measurements of ignition delays in SiH4/02 mixtures diluted with 86 

vol.% N2 became available and it was possible to perform some mechanistic 
refinement based on these inputs, with the result that the SiH4/H2 mech- 

anism of Ref. B-1 has also been substantially updated through necessity to 

improve agreement with these data. 

combustion system to the SiH4CH4 4 2  

REACTION MECHANISM 

A workable methane/hydrogen-silane combustion mechanism has been formu- 
lated. 

(A) hydrogen; (B) methane; (C)  silane; and (D) methane-silane interactive 
oxidation mechanisms, discussed in brief below. Lockheed's ALFA computer 
code (Ref. B-3) has been utilized in this study for all kinetics computa- 
tions, in a constant pressure, premixed flow mode option. ALFA is a 

As presently constituted it is as shown in Table B-1, consisting of 
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Table B-1 
REACTION MECHANISM 

A. Hydrogen  Oxida t ion  M e c h a n i s m  

Reac t ion  (Reve r s ib l e )  

1. H2 t O2 -OH t OH 

Rate Coeff ic ient ,  cm 3 par t ic le - ' -  
sec-1 units 

R e f e r e n c e  

1.7 x exp-43,000/RT 1 , 7  

2. 11 t O2 -OH t 0 1.0 X T exp-l4,80O/RT 8 ,  T e x t  

3. OH t H 2 - H 2 0  t H exp-3,650/RT 8 -15 T1.3 1.8 x 10 

4. 0 t H2-OH t H 3.0 x T exp-8,900/RT 8 

5. OH t O H - H 2 0  t 0 

6. H t OH t M - H 2 0  + M 

7. H t H t M-H2 t M 

8. H t O2 t M - H 0 2  t M 

9. H 0 2  t O H - H 2 0  t O2 

10. H 0 2  t H-H2 t O2 

11. NO2 t H-OH t OH 

12. H 0 2  + 0 -OH + O2 

13. H 0 2  t H 0 2 - H 2 0 2  t O2 

14. H 0 2  t H 2 - H Z 0 2  t H 

15. H 2 0 2  t O H - H 0 2  t H 2 0  

16. H202  + H -OH t H 2 0  

17. H 2 0 2  t 0-OH t H 0 2  

18. H 2 0 2  t M-OH i- OH t M 

-16 T1.3 

-26 T - 2  

-30 T - l  

-30 - 1  

1.0 x 10 

6.1 x 10 

1.8 x 10 

5.8 x 10 T 

8.3 x exp-l,OOO/RT 

4.2 x exp-700/RT 

3.3 x 10-l '  exp- l ,800/RT 

8.3 x exp-l,OOO/RT 

3.3 x 1 0 - l 2  

5.0 x lo-'' exp-l8,70O/RT 

1.7 x exp-$ ,900/RT 

8 .3  x 10-l '  exp-lO,OOO/RT 

3.3 x exp-5,900/RT 

2.0 x exp-45,500/RT 

8 

9 

1 , 7  

1 , 7  

1 , 7  

1 , 7  

1 , 7  

1,7 

1 , 7  

1 , 7  

10 

10 

10 

1 , 7  
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Table B-1 (Continued) 

B. Methane  Oxida t ion  M e c h a n i s m  

( T o  be u s e d  wi th  H2 Mechan i sm)  

R a t e  Coefficient,  cm 3 par t ic le - ' -  
sec-1 uni t s  

Reac t ion  ( R e v e r s i b l e )  R ef e r e n c e  

1. CH4 t M-CH3 t H t M 4.0 x 10 7 T -3.7 exp-  103,20O/RT 11, Text  

2. CH4 t 0 2 - C H  2 OH t OH 1.0 x exp-43,000/RT 12 ,  Tex t  

3. CH4 t OH -CH3 t H 2 0  

4. CH4 t H-CH3 t H2 3.7 x T 3  exp-8,700/RT 1 4 , 1 5  

5. CH4 t O-CH3 t OH 1.1 x 10 exp-7,400/RT 16, 17, Tex t  

3.2 x 10 -18  T 2 ' l  exp-2,450/RT 1 3  

-18 T2.5 

3.3 x exp-l8,00O/RT 1 8  6. CH4 t H02-CH 3 H2°2 

7.  CI13 t 0 2 - C H 2  OH t 0 1.2 x exp-25,600/RT 19  
-8 -3 

8 .  C H 3  t O2 -CH2 OH t 0 2.0 x 10 T exp1,000/RT 31, T e x t  

9.  CH3 t OH-CH2 OH t H 7 . 0 ~  

1.4 x 10-l '  10. CH3 t 0 -CH2 0 t H 

11. CH3 t H 0 2  -CH2 OH t OH 

32 .  CH3 t H 0 2 - C H  

13. CH3 t CH3-CH4 t CH2 

2.6 x 18 

2.0 x exp-.QOO/RT 18 

4.0 x 10- l1  ( F o r w a r d  Only)  

4 O2 

18, 29, T e x t  

18 

18 

14. CH3 t CH20-CH4 t CHO 2.0 x 10 -14 TOo5 exp-600/RT 

-13 T0.5 15. CH3 t CHO-CH4 t CO 

16. CH2 t 0 2 - C O  t H 2 0  4.0 x exp-k,OOO/RT 30, T e x t  

5.0 x 10 

I 
17. CHZ OH t M -CH2 0 t H t M 

18. CH2 OH t O2 - C H 2 0  t H 0 2  

2.0 x l o m 9  exp-29,000/RT 20 

20 

19. C H 2 0  t M-CHO t H t M 1.4 x exp-81,000/RT 19 

20. C H 2 0  t OH-CHO t H 2 0  18 ,22 ,  T e x t  

21. C H 2 0  t H-CHO t H2 1.7 x 10 exp-  3,30O/RT 23 ,33 ,  T e x t  

1.7 x 

3.8 x 10- 15 T l . 4  

-12 T0.5 

B-4 



Table B-1 (Continued) 

22. CH20 t 0-CHO t OH 

23. C H 2 0  t H02-CH0 t H202  

24. CHO + M-CO t H t M 

25. CHO t 02-CO t H 0 2  

26. CHO t OH-CO t H 2 0  

27. CHO t H -CO t H2 

28. CHO t 0 - C O  + OH 

29. CHO t H02-CO t H202  

30. CHO t CHO-CH20 t CO 

31. CO t 0 2 - C 0 2  t 0 

32. CO t OH -GO2 t H 

33. CO t H 0 2 - C 0 2  t OH 

34. CO + 0 t M-C02  t M 

3.0 x 10- l1 exp- 3,10O/RT 

1.7 x 10'12 exp-7,900/RT 

4.0 x 10 exp-29,600/RT 

3.0 x 10 

-9 

-13 T0.5 

2.0 x 10-l0 

5.0 x 

2.0 x 

2.0 x lo'*' exp-3,000/RT 

2.0 x 10-l' exp-700/RT 

3.7 x exp-6On000/RT 

1.1 x exp(T/1100) 

2.2  x exp-23,000/RT 

4.0 x exp-4,300/RT 

c. Silane Oxidation Mechanism 
(To be used with H and CH mechanisms)  2 4 

React ion (Reversible) Rate  Coefficient , c m3 - par tic leo '- 
-1 sec unit 

2.5 x lo2  T-2 exp-59,600/RT 

7.0 x exp-34,000/RT 

1. SiH4 t M-SiH2 t H2 t M 

2. SiH4 t O2 -SiH20 t H t OH 

3. SiH4 t OH -SSiH3 t H 2 0  1.4 x exp-IOO/RT 

4. SiHl t H -SiH3 t H2 2.4 x exp-Z,SOO/RT 

5. SiH4 t O-SSM3 t OH 7.0 x exp-l,600/RT 

6. SiH4 t H 0 2  -SiH3 t H202 1.0 x exp-2,000/RT 

24 

18,20 

19,20 

20,25,26, 
Text  
18919 

25 

27 

18 

25, Text  

28 

28 

28 

9 

R ef e r ence  

37, 38, Text  

Tex t  

39 

40 

39 

Text 
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I 

I Table B-1 (Continued) 

7. SiH3 t 0 2 - S i H 2 0  t OH 

8.  SiH3 t SiH3 - SiH4 t SiH2  
I 

9. SiH3 t OH - SiH2 t H 2 0  

10. SiH3 t H -SiH2 + H2 

11. SiH3 t 0 - S i H 2 0  t H 

12. SiH3 t H 0 2  -LSLH4 t O2 

13. SiH3 t SiH20-S iH4  t SiHO 

14. SiH3 t SiHO-SiH4 t S i 0  

15. SiH2 t 0 2 - S i H 0  t OH 

16. SiH20 t OH-SiHO t H 2 0  

17. S i H 2 0  t H -SiHO t H 2  

18. S i H 2 0  t 0 - S i H O  t OH 

19. S i H 2 0  t H 0 2  -SiHO t H 2 0 2  

20. SiHO t M-Si0 t H t M 

21. SiHO t O2 -Si0 t H 0 2  

22. Sil-IO t O H - S i 0  t H 2 0  

23.  SiHO t H - S i 0  t H2 

24. SiHO t 0 -Si0 t OH 

25. SiHO + H 0 2  -Si0 t H 2 0 2  

26. SiHO t SiHO -S iH20  t Si0 

27. Si0 t O2 - - t S i 0 2  + 0 

28. Si0 t OH -Si02 t H 

29. S i 0  t H 0 2  - S O 2  t OH 

30. Si0 t 0 t M -Si02 t M 

1.0 x 10- l '  exp-9,700/RT 

2.0 x 1 0 - l 0  

1.4 x 

2.4 x exp-l , lOO/RT 

1.4 x 10-l '  

2.0 x exp-400/RT 

2.0 x 10 

5.0 x 10 

4.0 x exp-2,000/RT 

4 . 0 ~  10 

2.0 x 10- l2 exp-3,300/RT 

3.0 x exp-3,100/RT 

2.0 x exp-7,900/RT 

1.0 x l o m 9  exp-32,000/RT 

3.0 x 10 

exp-bOO/RT -14 T0.5 

-13 T 0 , 5  

-15 =1.4 

-13 T0.5 

2 . 0 x  1 0 - l 0  

2.0 x 1 0 - l 0  

5.0 x 10-l '  

2.0 x 10-l '  exp-3,000/RT 

2.0 x 10-l '  exp-700/RT 

1.0 X exp-lOOOO/RT 

1.1 x exp(T/1100)  

2.2 x 10-l '  exp-23,000/RT 

4.0 x exp-4,300/RT 

1, T e x t  

Tex-t 

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  

T e x t  



Table B-1 (Concluded) 

31. Si02  t Si02+SiOzX t Si02X 4.0 x T-2  

32. SiI-I2O t SiH20-SM20X 4.0 x 10 T -8  -2  

.+ SiH20X 

D. Methane-Silane Oxidation Mechanisms Interaction Reactions 

- 1  Reaction (Reversible)  Rate  Coefficient, crn3-particle - 
sec-l units 

1. SiH4 t CH3-SiH3 t CH4 

2. SiH3 t CH3-SiH2 t CH4 

3. SiH3 + CHO -SiH2 + CH20 

4. SiH20 + CH3-SiHO t CH4 

5 .  SiHZO + CHO -SiHO t CH20 

6. SiHO t CH3-Si0 t CH4 

7. SiHO t CHO -Si0 t CH20 

8 .  Si0 t CHO-SiHO t CO 

Condensed Species:  S i02X,  SiH20X 

I M Body Catalytic Weighting Factors :  

1.3 x exp-7,000/RT 

1.0 x exp-5OO/RT 

5.0 x 10 

2.0 x 10 

2.0 x 10-l' exp-7OO/RT 

-13 T0.5 

-14 T0.5 exp - 6 0 O/R T 

5.0 x 10 -13 =0.5 

2.0 x 10-l' exp-7OO/RT 

2.0 x 10-l' exp-700/RT 

AR = 0.4, N2 = 1.0, O2 = 1.1, H2 = 2.0, H20 = 12.0 

H202 = 16.0, CO = 1.0, C 0 2  = 3.0, CH4 = 1.5, 

CH20  = 6.0, CH30H = 9.0, SiH4 = 2.5, 

Si0 = 16.0, Si02 = 16.0; 

A l l  Free Radicals = 16.0 

Text 

Text 

Reference 

40 

Text 

Text 

Text  

Text  

Text 

Text 

Text  
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two-dimensional code and can r e a d i l y  accommodate mixing between s t r eaml ines  

andlor  accept  prescr ibed  a r e a  flow channels.  

op t ions  w i l l  be exe rc i sed  i n  subsequent e f f o r t s .  

It i s  a n t i c i p a t e d  t h a t  these 

Thermophysical i n p u t  d a t a  were taken  p r e f e r e n t i a l l y  from t h e  NBS JANAF 

Thermochemical Tables f o r  species t a b u l a t e d  t h e r e i n ,  o r  from t h e  unpublished 

inpu t  d a t a  t a p e s  suppor t ing  t h e  computations of Ref. B-1, prepared by A.G. 

McLain of NASA-Langley Research Center f o r  s p e c i e s  (such as SiH20, SiHO) 

not  inc luded  i n  t h e  JANAF t a b l e s .  Exceptions t o  t h i s  are the  s tandard  h e a t  

of format ion  of SiH3 (46.6 kcal/mole),  SiH2 (57.9 kcal/mole) and SiH 

(90.2 kcal/mole) which were obta ined  from t h e  r ecen t  work of Doncaster and 

Walsh (Ref. B-4). Si02X - s i l i ca  s o l i d s  - thermophysical p r o p e r t i e s  u t i -  

l i z e d  are those  corresponding t o  JANAF's "high c r i s t o b a l i t e . "  SiH20X is a 

e o l i d  pos tu l a t ed  t o  account f o r  evidence of hydrogen bonding and a l t e r n a t e  

s o l i d s  forms observed by e a r l y  i n v e s t i g a t o r s  of s i l a n e  ox ida t ion  (e.g. ,  

Emeleus and Steward, Ref. B-5), w i th  thermophysical i n p u t s  which have been 

e s t ima ted  based on those  f o r  S i02 ,  Si02X and SiH20. 

I n  view o f :  (1 )  t h e  p r e s e n t  r a t h e r  l a r g e  ignorance f a c t o r  of t h e  i n d i -  

v i d u a l  s p e c i e s  M-body weighting f a c t o r s  f o r  use  p a r t i c u l a r l y  i n  the  s i l a n e  

r e a c t i o n s ,  and (2 )  t h e  need t o  reduce t h e  r e a c t i o n  mechanism's complexity 

f o r  computational economy, a s i m p l i f i e d  approach was taken  i n  t h i s  s tudy  and 

a single se t  of g e n e r i c  M-body weighting f a c t o r s  was u t i l i z e d .  

g iven  i n  Table B-1, r e l a t i v e  t o  N2-which was ass igned  u n i t  weight. 

are de r ived  from a n  i n t e r e s t i n g  approximately l i n e a r  c o r r e l a t i o n  between log 

k and t h e  b o i l i n g  temperature of M, r e c e n t l y  reviewed i n  the  survey k i n e t i c s  

t e x t  by Kondratiev and N i k i t i n  (Ref. B-6, p. 110).  Here a n  upper asymptotic 

l i m i t  of 16 has  been i n f e r r e d  from t h e  s c a n t  d a t a  base. 

N 
N2, r e s u l t s  should no t  be ove r ly  s e n s i t i v e  t o  a reasonably j u d i c i o u s  

choice  of g e n e r i c  M-body weighting f a c t o r s ,  whi le  t h e  r e s u l t i n g  s impl i f i ca -  

t i o n  i n  t h e  computations i s  apprec iab le .  

These are 

They 

I n  any even t ,  w i th  

t h e  main c o n s t i t u e n t  i n  t h e  flows of i n t e r e s t ,  wi th  rates en te red  f o r  2 
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A. Hydrogen Oxidation Mechanism 

For t h e  most p a r t ,  t h e  hydrogen mechanism is  t h a t  used i n  Ref. B-1, 

taken from Slack and G r i l l o  (Ref. B-7), minus NOx r e a c t i o n s .  

c i e n t  expres s ions  f o r  r e a c t i o n s  2 through 5 are, however, from t h e  r ecen t  

c r i t i c a l  review by Cohen and Westberg (Ref. B-8) ; s i m i l a r l y ,  t he  rate 

c o e f f i c i e n t  f o r  r e a c t i o n  6 i s  from t h e  r ecen t  NBS d a t a  compi la t ion  by 

Hampson (Ref. B-9). Addi t iona l ly ,  r e a c t i o n s  15 through 1 7  have been added 

t o  t h e  mechanism based on t h e  f i n d i n g  of t h e  s e n s i t i v i t y  s tudy  by Dougherty 

and Rabitz (Ref. B-10) t h a t  they are requ i r ed ;  rate c o e f f i c i e n t s  f o r  t hese  

r e a c t i o n s  are those  recommended by t h e s e  au thors .  S imi l a r ly ,  t h e  OtDI-M 

r e a c t i o n  h a s  been d e l e t e d  from t h e  mechanism, a g a i n  on the  b a s i s  of t he  

s e n s i t i v i t y  s tudy  by Dougherty and Rabitz.  

Rate c o e f f i -  

* 

B. Methane Oxidation Mechanism 

A s  i s  ev iden t  from t h e  r e f e r e n c e s  c i t e d  i n  Table B-lb, s e v e r a l  methane 

k i n e t i c s  sources  were u t i l i z e d ,  p r e f e r e n t i a l l y  those from c r i t i c a l  reviews 
by Westbrook and Dryer (Ref. B-18), Gardiner and Olson (Ref. B-19), and 

Tsuboi and Hashimoto (Ref. B-20). The methane mechanism i s  however less 

w e l l  s e t t l e d  than  t h a t  f o r  hydrogen and major d i sc repanc ie s  s t i l l  exis t  

between the  assessments of t he  va r ious  au tho r s .  
necessary t o  j u d i c i o u s l y  a t tempt  t o  r e so lve  some of these discrepancies and 

It was consequently found 

a l s o  t o  provide some a d d i t i o n a l  d a t a  updates.  

d i scussed  below. 

These only w i l l  be b r i e f l y  

* 
The pre-exponential  f a c t o r  f o r  r e a c t i o n  2 has  been modified (we l l  w i t h i n  t h e  

-14 u n c e r t a i n t y  bound c i t e d  by Cohen and Westberg) from 7.5 x 10 t o  1.0 x 

between t h e  computations made wi th  t h e  mechanism of Ref. B-1 and t h i s  work. 
(At 1000K, t h e  r a t i o  of rates f o r  t h i s  important r e a c t i o n  i s  0.75 f o r  t h e  
present  set of rates ve r sus  t h a t  of Ref. B-1; f o r c i n g  c l o s e r  agreement would 
be less c o n s i s t e n t  with t h e  e r r o r  bounds c i t e d  by Cohen and Westberg i n  
Ref. B-8. 

3 -1 -1 c m  - p a r t i c l e c  -sec , f o r  purposes of ob ta in ing  c l o s e r  correspondence 



Reaction 1. Tabayashi and Bauer's (Ref. B-11) r e s u l t  f o r  M-body d i s -  

s o c i a t i o n  of methane by Argon has  been converted t o  t h e  corresponding va lue  

with N2 as t h e  M-body, u t i l i z i n g  t h e  g e n e r i c  M-body weighting f a c t o r s  

employed i n  t h i s  study. Agreement wi th  Westbrook and Dryer's (Ref. B - 1 8 )  

express ion  a t  2 0 0 0 K  i s  e x c e l l e n t .  This mod i f i ca t ion  has  been made a l s o  f o r  

o t h e r  r e a c t i o n s  involv ing  M bodies ,  where appropr i a t e .  

Reaction 2.  The r a t e  c o e f f i c i e n t  f o r  t he  CH4 + O2 r e a c t i o n  is 

poorly known. Huffington e t  a l .  (Ref. B-12) c i t e  t he  "general  b e l i e f "  t h a t  

0 a t t a c k  i s  dominant below 2000K. Here, t h e  pre-exponential  f a c t o r  has 

been es t imated  a t  one-twentieth t h a t  of t h e  corresponding HZ+02 r e a c t i o n  

and t h e  a c t i v a t i o n  energy has  been set equa l  t o  t h a t  f o r  t h e  H2+02 re- 

a c t i o n .  

+ M rate (i.e.,  Reaction 1) a t  2000K and r a p i d l y  dominates i t  a t  l o w e r  t e m -  

p e r a t u r e s  due t o  t h e  apprec i ab ly  lower a c t i v a t i o n  energy. A p o s t e r i o r i ,  t h e  

reasonableness of t he  r e s u l t s  ob ta ined  i n  t h i s  s tudy  sugges t  that the  pres-  

e n t  estimate i s  accep tab le  i n  t h e  absence of d e f i n i t i v e  da t a .  

2 

The r e s u l t i n g  r a t e  c o e f f i c i e n t  i s  about one-half t h a t  of t he  CH4 

Reaction 5 .  The rate expres s ion  developed by Roth and J u s t  (Ref. B-16) 

has  been modified by t h i s  au tho r  t o  b e t t e r  accommodate t h e  p r i o r  d a t a  and 

the  more recent h ighe r  temperature d a t a  of Fe lder  and F o n t i j n  (Ref. B-17). 

Reaction 8. As observed i n  t h e  review by Gardiner and Olson (Ref. 

B-19) t h e r e  i s  cons ide rab le  u n c e r t a i n t y  i n  the  temperature behavior of t he  

r a t e  of t h e  CH3 + O2 branching r e a c t i o n s ,  p a r t i c u l a r l y  a t  lower tempera- 

t u r e s .  Here, t h e  approach has  been t aken  t o  use  the  rate c o e f f i c i e n t  f o r  

Reaction 7 t o  r ep resen t  the h igh  temperature branch of t h e  CH3 + O2 re- 

a c t i o n  and t o  develop t h e  rate c o e f f i c i e n t  f o r  t he  low temperature branch of 

t h e  i d e n t i c a l  r e a c t i o n  as Reaction 8, us ing  t h e  temperature dependence sug- 

ges ted  by Bhaskaran e t  a l .  (Ref. B - 3 1 ) ,  f i t t i n g  t h e  pre-exponent ia l  f a c t o r  

t o  ex tens ive  c l a s s i c a l  i g n i t i o n  d e l a y  d a t a  c o r r e l a t e d  by Asaba e t  a l .  (Ref. 

B - 3 2 ) .  

time r equ i r ed  t o  reach 5 percent  of t h e  f i n a l  equ i l ib r ium temperature rise 

We performed i t e r a t i v e  c a l c u l a t i o n s  of i g n i t i o n  d e l a y  def ined  as the 
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a t  cons t an t  p re s su re ,  as i n  Ref. B-1. It was found t h a t  t he  r e s u l t i n g  de lay  

t i m e s  were almost i n v e r s e l y  p ropor t iona l  t o  the  sum of t h e  rates f o r  Reac- 

t i o n s  7 and 8, with  Reaction 8 dominating a t  low temperature as expected. 

Exce l len t  agreement was obta ined  between t h e  shock tube  i g n i t i o n  de lay  times 

and the  d e l a y  times so c a l c u l a t e d ,  u s ing  the  e n t i r e  methane (and hydrogen) 

r e a c t i o n  mechanism as g iven  i n  Table B-1, a t  1 atm and i n i t i a l  temperatures 

varying from 700 t o  1500K. 

i s o n  t o  shock tube  d a t a  would u t i l i z e  a cons t an t  d e n s i t y  ( r a t h e r  than  pres- 

s u r e )  post-shock condi t ion .  To do t h i s  w i th  the ALFA code, a few code 

r e v i s i o n s  need t o  be made which un fo r tuna te ly  have no t  y e t  been made. 

hope t o  do t h i s  i n  the  near  f u t u r e  i n  a n  ex tens ion  of t h i s  e f f o r t  and r epea t  

t h e  aforementioned i t e r a t i v e  computations t o  f u r t h e r  r e f i n e  t h e  mechanism. 

For t h i s  reason, t hese  computed r e s u l t s  w i l l  not be presented  here .  It i s  

important t o  note  however t h a t  t h e  changes r e s u l t i n g  from t h e  computational 

refinements are no t  a n t i c i p a t e d  t o  be more than by a f a c t o r  of 2 a t  most, 

based on p r i o r  exper ience  and o t h e r  d a t a  a n a l y s i s .  

are thought t o  be important and necessary  f o r  proper k i n e t i c  i n t e r p r e t a t i o n  

of shock tube  d a t a ,  they are not  of ove r r id ing  importance and do not  negate 

the  b a s i c  goodness-of-fit of r e s u l t s  ob ta ined  wi th  the  p re sen t  a n a l y s i s .  

However, a more proper computation f o r  compar- 

We 

Thus wh i l e  t h e  changes 

Reaction 9. Tsuboi and Hashimoto's (Ref. B-20) rate c o e f f i c i e n t  f o r  

t he  CH3 + OH r e a c t i o n  has been employed, wi th  the  r e a c t i o n  w r i t t e n  t o  

y i e l d  CH20H + H, as favored by Gardiner and Olson (Ref. B-19). 

Reaction 10. Washida's (Ref. B-21) room temperature r e s u l t  f o r  t h i s  

r e a c t i o n  has  been used, w i th  the  ze ro  a c t i v a t i o n  energy i n d i c a t e d  by Tsuboi 

and Hashimoto (Ref. B-20). 

Reaction 13. The r a d i c a l  s i n k  r e a c t i o n  between CH3 + CH3 i s  known 

t o  be important i n  t h e  methane mechanism (see, e.g., Ref. B-18). The major 

product i s  a c t u a l l y  thought t o  be C2H6, r a t h e r  than  CH4 + CH2 as 

w r i t t e n  i n  Table B-1 t o  avoid complex i t i e s  a r i s i n g  from t h e  i n t r o d u c t i o n  of 
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C hydrocarbons i n t o  the mechanism. For t h i s  reason w e  allow t h i s  g loba l -  

i zed  r e a c t i o n  only  t o  proceed i n  t h e  forward d i r e c t i o n  i n  t h e  computations, 

using the  rate c o e f f i c i e n t  measured by Baulch and Duxbury (Ref. B - 2 9 )  and 

thus  dodging unnecessary complexi t ies  i n  t h e  mechanism. 

2 

Reaction 16. The room temperature r e s u l t  of Laufer (Ref. B - 3 0 )  has  

been used f o r  t h e  CH2 + O2 r e a c t i o n  toge the r  w i th  a n  es t imated  ac t iva -  

t i o n  energy of 2 kcal/mole. 

e f f e c t i v e  r a d i c a l  s i n k  r e a c t i o n  CH3 + CH3, here  w r i t t e n  as l ead ing  t o  

CH4 + CH2, t h e  products of t h e  CH2 + O2 r e a c t i o n  have been w r i t t e n  

as CO + H 2 0 ,  r a t h e r  than CHO + OH. 

13 and 16 is, e f f e c t i v e l y ,  CH3 + CH3 + O2 + CH4 + CO + H 2 0 ,  i .e.,  

a cha in  t e rmina t ion  s t e p .  

To e l i m i n a t e  spur ious  cha in  branching from t h e  

Thus the  combined r e s u l t  of Reactions 

Reaction 20. Low temperature recent r e s u l t s  by S t i e f  e t  a l .  (Ref. 

B - 2 2 )  have been pooled wi th  h ighe r  temperature resul ts  c i t e d  by Westbrook 

and Dryer (Ref. B - 1 8 )  t o  o b t a i n  t h e  rate c o e f f i c i e n t  expres s ion  used i n  t h i s  

s tudy ,  

Reaction 21. Klemm's (Ref. B - 2 3 )  low temperature expres s ion  f o r  t he  

r a t e  c o e f f i c i e n t  of t he  CH20 + H r e a c t i o n  has  been he re  r e w r i t t e n  t o  ob- 

t a i n  agreement wi th  h igher  temperature r e s u l t s  of Dean, Johnson and S t e i n e r  

(Ref. B - 3 3 ) .  

Reaction 25 .  The rate c o e f f i c i e n t  g iven  i n  Table B - 1  f o r  t h e  CHO + 
O2 r e a c t i o n  i s  t h e  r e s u l t  of r e c o n c i l i a t i o n  by the  au tho r  of low tempera- 

t u r e  d a t a  by R e i l l y  e t  a l .  (Ref. B - 2 5 )  and Shibuya e t  a l .  (Ref. B - 2 6 )  with  

the  high temperature r e s u l t  of Tsuboi and Hashimoto (Ref. B - 2 0 ) .  

Reaction 30. The rate c o e f f i c i e n t  g iven  i n  Table B - 1  f o r  t h e  CHO f CHO 

r e a c t i o n  i s  t h e  r e s u l t  of a s s i g n i n g  a pre-exponential f a c t o r  equa l  t o  t h a t  

f o r  t h e  r e a c t i o n  of CHO with  0, OH and H 0 2  (Reactions 26,  2 7 ,  and 28) and 

equat ing  a n  Arrhenius rate c o e f f i c i e n t  format t o  the  room temperature r e s u l t  

o f  R e i l l y  e t  a l .  (Ref. B - 2 5 ) ,  thereby  ob ta in ing  a q u i t e  reasonably activa- 

t i o n  energy of 700 cal/mole. 
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C. S i l a n e  Oxidation Mechanism 
I 

Beyond t h e  most elementary r e a c t i o n s  of SiH4 i t s e l f  w i th  M ( thermal  

~ d i s s o c i a t i o n ) ,  OH, H and 0, v i r t u a l l y  none of t he  d e t a i l e d  s t e p s  of t h e  

s i l a n e  combustion mechanism have been f i r m l y  e s t a b l i s h e d ,  much less s tud ied  

t o  the  po in t  where measurements of i n d i v i d u a l  rate c o e f f i c i e n t s  are avail- 

ab le .  

p resent  formula t ion  has  u t i l i z e d  the  e a r l y  mechanism der ived  by Beach, 

Mackley, Rogers and Ch in i t z  (Ref. B-1) as a s t a r t i n g  p o i n t ,  w i th  t h e  advan- 

tage  of t h e  f i r s t  experimental  shock tube  measurements of silane-hydrogen- 

oxygen-nitrogen de lay  times, by McLain (Ref. B-34). Only a very b r i e f  

d i s c u s s i o n  of t h e  b a s i s  of t h e  mechanism i s  permi t ted  here .  

Consequently t h i s  mechanism i s  l a r g e l y  i n  an exp lo ra to ry  s t a t u s .  The 

I Reaction 1. I n  Ref. B-1 t h e  products  of  t h e  thermal d i s s o c i a t i o n  reac- 

t i o n  SiH4 + M were w r i t t e n  as SiH3 + H, based l a r g e l y  on a n  a n a l y s i s  of 

t h e  r e s u l t s  of S t r a t e r  (Ref. B-35). S t r a t e r ' s  work however was performed i n  

a r e a c t o r  packed wi th  s i l i ca  ch ips  and i t  seems l i k e l y  t h a t  t h e  r e s u l t s  

t h e r e i n  were l a r g e l y  dominated by heterogeneous processes.  

i s  s t r o n g l y  r e in fo rced  by t h e  demonstration by Baliga and Ghandi (Ref. B-36) 

t h a t  s i l a n e  decomposition rates under cond i t ions  similar to  S t r a t e r ' s  are 

s t r o n g l y  dependent on s u b s t r a t e  temperature and obey t h e  rate theory of 

heterogeneous r e a c t i o n s  a t  a s o l i d  su r face .  Moreover, t h e  e x i s t i n g  homoge- 

neous phase thermal decomposition d a t a  of Newman e t  a l .  (Ref. 8-37) and a l s o  

of P u r n e l l  and Walsh (Ref. B-38) i s  q u i t e  convincing i n  t h e  f ind ing  that 

H2 r a t h e r  than  H i s  t h e  hydrogenic s p e c i e s  r e s u l t i n g  from t h e  primary 

thermal d i s s o c i a t i o n  s t e p .  

t o  accep t  t h e  r e s u l t s  of Refs. 37 and 38, w r i t i n g  t h e  thermal decomposition 

s t e p  as SiH4 + M--CSiH2 + H2 + M, 

t i o n a l  ex tens ive  r e v i s i o n  t o  t h e  mechanism of Ref. B-1 as discussed  below. 

I 

This  conclus ion  l 

For t h e s e  reasons  t h i s  a u t h o r  has  f e l t  compelled 

This  of n e c e s s i t y  requi red  addi- 

Reaction 2. Si l ane  i s  well-known t o  react spontaneously - and a l s o  

somewhat e r r a t i c a l l y  - with  oxygen a t  temperatures near ambient over a wide 

range of equiva lence  r a t i o s .  This can  only  be p o s s i b l e  - r e g a r d l e s s  of a n  
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apparent role of impurities of either gas phase or heterogeneous origin as 

chain starters - if a direct reaction between O2 and SiH4, as postulated 

in Table B-1, occurs. The rate coefficient listed is the result of fitting 
early ALFA computations of ignition delay times - defined as discussed in B 
above - to the recent shock tube measurements of ignition delay of McLain 
(Ref. B-34). 

vision of the rate coefficient is anticipated when ALFA can model a constant 
density flow regime to more accurately describe conditions behind the re- 
flected shock used in NASA's ignition experiments. 

Better agreement with the shock tube data and some minor re- 

Reactions 3, 4, and 5. The rate coefficients for the elementary reac- 

tions of silane with OH, H and 0 are those recommended in the study and 
review of Atkinson and Pitts (Ref. B-39) and Arthur and Bell (Ref. B-40), 

respectively. 

Rate coefficients for the remaining reactions are all estimates, some 
of which have had the benefit of refinement possible because of the avail- 
ability of McLain's recent data (Ref. B-34). 

Reaction 6 .  The Arrhenius parameters for the SiH4 + H02 abstrac- 
tion reaction have been estimated from those for the corresponding reaction 

of silane with OH, H, and 0 (i.e., Reactions 3, 4, and 5). 

Reaction 7. The rate coefficient for the SiH3 + O2 reaction, 

written as in Ref. B-1, is that estimated by Chinitz (Ref. B-1), with the 
activation energy modified to 9700 cal/mole based on observation by 
Vasilyeva et al. (Ref. B-41) of'this actlvafioq engrgy for the upper igni- 
tion limit ratio of silane to 0 This assignment 

must of course be regarded as tentative until such time as a deeper analysis 

of the available silane explosion limit data is attempted. 

unfortunately was beyond the scope of this limited study. 

at atmospheric pressure. 2 

Such analysis 

Reaction 8 .  Heavy reliance has been placed on the logic employed in 

developing the methane mechanisms discussed above to write the products of 
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I the  r a d i c a l  s i n k  SiH3 + SiH3 r e a c t i o n  a s  Sill4 + SiH2 ,  wi th  a 

temperature-independent rate c o e f f i c i e n t ,  q u i t e  i n  analogy t o  t h e  CH3 + 
CH3 r a d i c a l  s i n k  r e a c t i o n .  

x 10-l' from t h e  4.0 x 

i n t u i t i v e  b a s i s  and p a r t l y  as a r e s u l t  of mechanis t ic  refinement requi red  t o  

1 
The rate c o e f f i c i e n t  has been inc reased  t o  2.0 

1 
of t h e  CH + CH3 r e a c t i o n  p a r t l y  on a n  3 

I 
I b e t t e r  match t h e  McLain da ta .  
1 

I 

React ions  9 and 10. The rate c o e f f i c i e n t s  f o r  t h e  SiH3 + OH and 
~ 

I 
SiH3 + H a b s t r a c t i o n , r e a c t i o n s  have been es t imated  as fol lows:  Preexpo- 

n e n t i a l  f a c t o r s  equa l  t o  those  f o r  t h e  corresponding SIH4 r e a c t i o n s  have 

been ass igned;  t h e  a c t i v a t i o n  energy f o r  t h e  OH r e a c t i o n  is es t imated  t o  be 

l e s s  than  t h a t  f o r  t h e  OH r e a c t i o n  wih SiH4, i . e . ,  e s s e n t i a l l y  zero;  t h e  

a c t i v a t i o n  energy f o r  t h e  H atom r e a c t i o n  has  been es t imated  a t  1100 c a l /  

mole based on t h e  corresponding rate c o e f f i c i e n t  f o r  t h e  H a b s t r a c t i o n  re- 

a c t i o n  wi th  d i s i l a n e  repor ted  by Arthur and Bel l  (Ref. B-40) and t h e  convic- 
I t i o n  t h a t  t h e  SiH3 rate i s  apprec iab ly  f a s t e r  than  t h e  SiH4 rate. 

I 
Ract ion  11. The SiH3 + 0 r e a c t i o n  has  been w r i t t e n  as t h e  complete 

analogue of t h e  CH3 + 0 r e a c t i o n ,  wi th  i d e n t i c a l  rate c o e f f i c i e n t ,  i n  t h e  

absence of any o t h e r  i npu t .  

Ract ion 1 2 .  S imi l a r ly ,  t h e  SiH3 + H02 -+ SiH4 + O2 r e a c t i o n  

has  been w r i t t e n  as t h e  s i l a n e  analogue of  t he  corresponding CH3 + 
H 0 2  Note that  

t h e  analogue of t h e  CH3 + H02 + CH20H + OH r e a c t i o n  has been omi t ted  

from t h e  mechanism t o  avoid having t o  treat t h e  l a r g e l y  unknown SiH20H 

* CH4 + O2 r e a c t i o n ,  wi th  i d e n t i c a l  rate c o e f f i c i e n t .  

spec ie s .  

Reac t ion  13. Again, t h e  CH3 + CH20 -+ CH4 + CHO r e a c t i o n  has  

served  as t h e  pos tu l a t ed  analogue f o r  t h e  pos tu l a t ed  SiH3 + SiH20 + 

SiH4 + SiHO r e a c t i o n ,  w i th  i d e n t i c a l  rate c o e f f i c i e n t .  
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React ion 14. Here the  analogue has  been the  CH3 + CHO .+ CH4 + CO 

r e a c t i o n ,  w i t h  presumed e s s e n t i a l l y  equa l  ra te  c o e f f i c i e n t  f o r  t he  postu- 

l a t e d  SiH3 + SiHO + SiH4 + S i 0  r e a c t i o n .  

React ion 15. Again, t h e  l o g i c  employed i n  t h e  methane system f o r  t h e  

C€12 + O2 r e a c t i o n  has  been invoked f o r  t h e  SiH2 + O2 analogue,  w i th  

an equal  rate c o e f f i c i e n t  ass igned .  

t he  only  SiH2 r e a c t i o n  en te red  is t h e  dominant one wi th  02. 

Note t h a t  a8 i n  t h e  methane mechanism, 

React ions 16 through 30. With one except ion  a l l  of t h e s e  p o s t u l a t e d  

r e a c t i o n s  have been w r i t t e n  as  proceeding j u s t  as t h e i r  analogues i n  t h e  

methane mechanism, wi th  e s s e n t i a l l y  equa l  o r  s l i g h t l y  f a s t e r  rate c o e f f i -  

c i e n t s .  The excep t ion  is t he  S i 0  + O2 -t S i 0  + 0 r e a c t i o n  which has  

been w r i t t e n  w i t h  a rate c o e f f i c i e n t  which has  r e l a t i v e l y  l i t t l e  impact on 

i g n i t i o n  de lay  t i m e s  a t  h igher  tempera tures  but  without  which no i g n i t i o n  

can  occur  a t  temperatures  nea r  ambient even wi th  q u i t e  apprec i ab le  s e n s i t i -  

z a t i o n  by trace spec ie s .  

s i l a n e - a i r  mix tures  a t  tempera tures  n e a r  ambient has  been t e n t a t i v e l y  iden t -  

i f i e d  as being due t o  s e n s i t i z a t i o n  by such trace spec ie s ,  as  from contami- 

nan t s  and/or  t he  products  of  heterogeneous r e a c t i o n s ,  For example, ozone i n  

amounts o f t e n  p resen t  a t  sea l e v e l  (i.e.*, 1 t o  10  p a r t s  p e r  b i l l i o n )  is pre- 

d i c t e d  t o  induce i g n i t i o n  of s t o i c h i o m e t r i c  s i l a n e - a i r  mix tures  a t  1 a t m  and 

300 K i n  from 2 t o  7 sec wi th  t h e  mechanism as g iven  i n  Table B-1. 

ozone o r  s i m i l a r l y  r e a c t i v e  f r e e  r ad ica l -gene ra t ing  agent  - o r  without  

Reac t ion  30 - no p e r c e p t i b l e  r e a c t i o n  occurs .  

2 

With t h e  mechanism as w r i t t e n ,  au to - ign i t ion  of 

With no 

Reac t ions  31 and 32. Condensation of s o l i d s  r e s u l t s  i n  apprec i ab le  

(i.e., s e v e r a l  hundreds of degrees  Kelvin)  temperature  rise i n  s i l a n e  com- 

bus t ion ,  t h e  magnitude of cour se  depending on the  concen t r a t ion  of s i l a n e .  

Inasmuch as such l a r g e  temperature  changes d r a s t i c a l l y  a l te r  rates f o r  i n d i -  

v i d u a l  r e a c t i o n s  - e s p e c i a l l y  those  w i t h  h igh  a c t i v a t i o n  energy - a c c u r a t e  

k i n e t i c  modeling of s i l a n e  i g n i t i o n  r e q u i r e s  i n c l u s i o n  of s o l i d s  nuc lea t ion .  

Here, a ve ry  s imple,  expedient  approach t o  modeling s o l i d s  condensat ion 
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k i n e t i c s  has been taken:  Rather than becoming embroiled i n  the  exac t  de- 

t a i l s  of t he  very complex n u c l e a t i o n  processes  - l a r g e l y  unknown f o r  s i la -  

ceous s p e c i e s  a t  t h i s  t i m e  i n  any event  - a simple t e r n a r y  condensat ion 

process ,  e .g . ,  S i 0 2  + Si02 + M -+ Si02 X + Si02X + M was invoked, with a 

r a t h e r  o rd ina ry  t e r n a r y  ra te  c o e f f i c i e n t  of about 6 x 10 T . Fur the r ,  

s i n c e  t h e  ALFA code cannot handle  such a r e a c t i o n  type (without  s p e c i a l  

mod i f i ca t ion  which seemed unwarranted) t he  r e a c t i o n  was r e w r i t t e n  as  a 
s i m p l e  b inary  rate process  wi th  rate c o e f f i c i e n t  k x [MI, i .e.,  wi th  [MI 

-30 -1 

evalua ted  a t  a tmospheric  p re s su re ,  t he  ra te  process  i s ,  e.g. ,  S i02  + S i 0 2  

-+ si02X + Si02X wi th  a rate c o e f f i c i e n t  approximated by 4.0 x T-2, 

q u i t e  adequate  f o r  the  r e l a t i v e l y  small pressure  excurs ion  range 0.5 t o  2.0 

atm contemplated f o r  a p p l i c a t i o n  of t he  mechanism developed f o r  t h i s  s tudy .  

Methane-Silane Oxidat ion Mechanisms I n t e r a c t i o n  React ions 

This  subse t  ex tends  t h e  s i l a n e  mechanism developed above f o r  u se  wi th  

the  hydrogen and methane mechanisms s imul taneous ly ,  as r equ i r ed  f o r  modeling 

s i l a n e - a s s i s t e d  i g n i t i o n  of methane. 

w r i t t e n  i n  t h e  exothermic d i r e c t i o n .  

Note t h a t  t h e  r e a c t i o n s  have a l l  been 

React ion 1. Arthur  and B e l l  (Ref. B-40) reviewed r e s u l t s  f o r  t h e  SiH4 + 
CH3 -+ SiH3 + CH4 r e a c t i o n ,  and t h e i r  recommended va lue  has been u t i l i z e d  

i n  the mechanism developed. 

React ion 2.  The rate c o e f f i c i e n t  f o r  t h e  presumed CH3 + SiH3  + CH -t 
4 

SiH2 r e a c t i o n  has  been es t imated  from the  not  d i s p a r a t e  va lues  f o r  t h e  CH3 + 
CH 0 -+ CI14 + CHO and CH3 + H02 + 2 4 CH + O2 r e a c t i o n s ,  i n  the  absence of 

any o t h e r  i n p u t  d a t a .  

React ions 3, 4 ,  6 ,  and 7. These processes  have been w r i t t e n  exotherm- 

i c a l l y ,  w i t h  rate c o e f f i c i e n t s  equa l  t o  t h e  equ iva len t  encounters  i n  the  

methane system, i .e.,  t h e  CH., + CHO encounter  f o r  S i H 3  + CHO and t h e  

CH20  + CH3 encounter  f o r  S i H 2 0  f CH3, e tc .  
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Reactions 5 and 8. The SiB20 + CHO and Si0 + CllO processes have also 

been w r i t t e n  exothermica l ly ,  each wi th  rate c o e f f i c i e n t s  equa l  t o  t h a t  f o r  

t he  CHO + CHO encounter ,  i n  t h e  absence of any o t h e r  i npu t  d a t a .  

E. S t a t u s  of Mechanism 

In synops is ,  i t  is clear t h a t  where exper imenta l  i n p u t s  have n o t  been 

a v a i l a b l e ,  ve ry  heavy use  of i n s i g h t s  and d a t a  i n p u t s  developed f o r  t h e  

methane combustion mechanism have been imbedded in th i s  work i n t o  t h e  devel-  

opment of t he  s i l a n e  combustion mechanism, much as w a s  t h e  p r i n c i p l e  of t he  

approach t aken  by C h i n i t z  (Ref. B-1) in developing t h e  earlier s i l a n e  mech- 

anism. Here t h e  methodology has  been c a r r i e d  one s t e p  f u r t h e r ,  g i v i n g  t h e  

p re sen t  mechanism b e n e f i t  of a large body of l i terature  p e r t a i n i n g  t o  meth- 

ane combustion where required to close gaps in the relatively meager silane 

d a t a  base,  

a c c u r a t e l y  d e s c r i b e s  s i l a n e  r e s u l t s  is s t i l l  a moot po in t .  As t h e  s i l a n e  

The e x t e n t  t o  which t h i s  a d a p t a t i o n  of t h e  methane formalism 

d a t a  base expands a d d i t i o n a l  mechan i s t i c  refinement can s u r e l y  be a n t i c i -  

pated.  

P a r t i c u l a r  k i n e t i c  i s s u e s  of concern  a t  t h e  moment inc lude :  (1) t h e  

need f o r  independent exper imenta l  conf i rma t ion  of such key rates as t h a t  

p o s t u l a t e d  between s i l a n e  and 0 (i.e.,  Reaction 2,  Table B-lc); (2 )  t h e  

need f o r  a d e t a i l e d  e x p l o r a t i o n  of t h e  s e n s i t i v i t i e s  of p r e d i c t e d  combustor 

h e a t  release p r o f i l e s  t o  v a r i a t i o n s  i n  u n c e r t a i n  rate c o e f f i c i e n t s  and minor 

r e a c t i o n  pathways, l ead ing  t o  g r e a t e r  unders tanding  of t h e  SiH4/H2/CH4 

system and ,  a l s o ,  t o  a mechanism reduced t o  i t s  e s s e n t i a l s ;  (3) t h e  e x t e n t  

of r e a c t i o n ,  i f  any, between S i 0  and t h e  s p e c i e s  H 2 0  and C02. As pres- 

e n t l y  c o n s t i t u t e d  (with t h e  S i 0  + OH r e a c t i o n  the  primary s t e p  l e a d i n g  t o  

S i 0  ) i n  f u e l - r i c h  regimes wi th  excess  Hq i n  t h e  flow, t h e  p r e s e n t  mech- 

anism l e a d s  t o  a n  undershoot in flame tempera ture  p o t e n t i a l l y  of several 
hundred degrees  Kelvin,  depending on mixture  composition. This  has  been 

t r a c e d  t o  incomplete ( i . e . ,  nonequilibrium) combustion of SiH4 t o  S i 0  due 

t o  removal of  uncombined O2 by r a p i d  combustion of H2 in excess ,  

2 

2 
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e f f e c t i v e l y  s topp ing  the  S i 0  o x i d a t i o n  cha in .  Is t h i s  a t r u e  nonequi l ib-  

r ium,  c o o l  flame phenomenon? 

S i02?  

b i l i t y  t h a t  perhaps a s o l i d  S i 0  phase needs t o  be considered: 

r e a c t s  slowly wi th  atmospheric O2 a t  room temperature.  

i s  no t  achieved a t  500 C. 

burns t o  S i 0 2  i n  a i r ,  producing a flame. 

w i th  S i 0  even a t  500 C,  producing Si02  and H2. 
slowly ox id ized  i n  a C02 atmosphere a t  400 C..." (Berezhnoi, (Ref. B-42, 

p .  102) ,  and; (4 )  f i n a l l y ,  d e f i n i t i v e  de t e rmina t ion  of t h e  i d e n t i t y  and con- 

c e n t r a t i o n  h i s t o r y  of r e a c t i o n  i n t e r m e d i a t e s  and end-products - gaseous and 

s o l i d  - i s  r e q u i r e d  t o  a s s u r e  t h e  understanding of  s i l a n e  cqmbustion chem- 

ica l  physics.  

Does S i 0  react with H 2 0 ,  o r  C02,  t o  form 

Russian work i n d i c a t e s  t h i s  p o s s i b i l i t y  - as w e l l  as t h e  poss i -  

"Sol id  S i 0  

Complete ox ida t ion  

It i s  pyrophoric i n  a f i n e l y  d iv ided  s ta te  and 

Water vapor reacts n o t i c e a b l y  

S i l i c o n  monoxide i s  

RESULTS 

Diges t s  of r e s u l t s  computed i n  t h i s  s tudy  have been forwarded under 

s e p a r a t e  cover  a t  p e r i o d i c  i n t e r v a l s  t o  Dr. R.C. Rogers, Hypersonic Propul- 

s i o n  Branch, Langley Research Center .  A d e t a i l e d  summary of t h e s e  e x t e n s i v e  

r e s u l t s  i s  n o t  presented  i n  t h e  p re sen t  r e p o r t  due t o  t i m e  and space l i m i t a -  

t i o n s .  

our e f f o r t .  

We w i l l  however summarize t h e  h igh  p o i n t s  and p r i n c i p a l  r e s u l t s  of 

A. Silane-Hydrogen Combustion 

F igure  B-1 shows r e s u l t s  ob ta ined  f o r  t h e  r e c e n t  shock tube  experiments 

The uppermost curve  shows r e s u l t s  computed by McLain of  McLain (Ref. E-34). 

u s i n  t h e  r e a c t i o n  mechanism of Ref. B-1, employing t h e  NASA code desc r ibed  

i n  Ref. B-43 run  i n  a c o n s t a n t  d e n s i t y  flow opt ion .  

i g n i t i o n  d e l a y  t i m e  based on e x t r a p o l a t i o n  of  a T ve r sus  t i m e  arithmetic 

c o o r d i n a t e  p l o t  a t  i t s  s t e e p e s t  s l o p e  back t o  t h e  temperature of t h e  i n i t i a l  

post-shock gas  mixture .  

d a t a  and t h e  computed r e s u l t s  ob ta ind  i n  t h e  p re sen t  s tudy  w i t h  t h e  mechanism 

T~~~~~~~~ is t h e  

Also shown on t h e  f i g u r e  i s  McLain's exper imenta l  
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Species  Mole Fraction 

S i x ,  .02 
L( 

H 2  .08 

O2 .04 

N2 .86 

Ref.  1 Mechanism, NASA 
Code, Constant 
Density (Refs .  34,431 

Data (Ref .  3 4 )  

,1981 -Mechanism, ALFA Code, 
Constant Pressure (Ref.  3 )  

20 

F i g .  B-1 - I g n i t i o n  T i m e s  f o r  20/80 Percent Silane/Hydrogen 
Po = 1 . 2 5  atm ( A l l  Ca lcu la t ions )  
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o f  ‘Table B-1  and the  ALFA code (Ref .  B-3) run I n  a cons t an t  prestiurci op t ion ,  

using T as  def ined  above, and a l s o ,  T 

corresponds t o  t h e  time requ i r ed  t o  reach 5 percent  of t h e  f u l l y  e q u i l i -  

brated temperature  r ise ,  as i n  Ref. B-1. 

t h i s  t e x t ,  a more c o r r e c t  c a l c u l a t i o n a l  procedure f o r  a n a l y s i s  of  shock tube  

i g n i t i o n  d e l a y  measurements i nvo lves  computation of T~~~~~~~~ i n  a con- 

s t a n t  d e n s i t y  flow o p t i o n ,  as by McLain - which op t ion  was no t  a v a i l a b l e  i n  

t h e  p a r t i c u l a r  v e r s i o n  of t h e  ALFA code employed i n  t h i s  s tudy.  

based on exper ience ,  computations of TIIgnition a t  cons t an t  d e n s i t y  f a l l  

somewhere between the  computations of T5xAT and TIgnition a t  cons t an t  pres-  

sure. Thus the  curves  computed us ing  the  ALFA code and the  p re sen t  r e a c t i o n  

mechanism, which s t r a d d l e  t h e  McLain d a t a  t o  w i t h i n  a t  least a f a c t o r  of two 

are a l s o  expected t o  s t r a d d l e  computed va lues  of TIgnition a t  cons t an t  

d e n s i t y ,  u s ing  t h e  p re sen t  r e a c t i o n  mechanism. 

d a t a  i s  t h u s  t o  w i t h i n  a t  l eas t  a f a c t o r  of two. 

The l a t t e r  de l ay  t i m e  5UT’ I g n i t i o n  

As a l r e a d y  observed e l sewhere  i n  

However, 

Agreement wi th  the  p re sen t  

B. Silane-Methane Combustion 

Paramet r ic  computations of methane combustion i n  a i r  f lows  wi th  s i l a n e  

as combustion a i d  have been performed wi th  the  r e f i n e d  mechanism. 

computations extend over  i n i t i a l  temperatures  of from 600 t o  1200 K, a t  con- 

s t a n t  p re s su res  from 0.5 t o  2.0 atm, and o v e r a l l  s t o i c h i o m e t r i e s  from 0.25 
t o  1.0,  with from 2 t o  20 vol .% s i l a n e  i n  the  methane f u e l .  Consistent with 

e a r l y ,  unpubl ished engine tests wi th  hydrocarbons a t  GASL, we f i n d  t h a t  use 
of s i l a n e  as a n  i g n i t i o n  a i d  m a t e r i a l l y  reduces r equ i r ed  i g n i t i o n  d e l a y s  and 

combustion times f o r  methane i n  a i r .  For example, a t  1 atm c o n s t a n t  pres-  

s u r e  and an  i n i t i a l  temperature  of 1000 K, t h e  computed va lue  of TIgnition 

is  reduced from 0.70 sec f o r  s t o i c h i o m e t r i c  CH4 - a i r  by t h r e e  o r d e r s  of 

magnitude - t o  5.3’~ 10 sec - wi th  10  vol .% SiH4 i n  t h e  f u e l ;  t h e  cor- 

responding time requirement t o  reach  95% of t h e  equ i l ib r ium combustion t e m -  
p e r a t u r e  rise is reduced from 0.73 t o  9.2 x sec, i.e., a l s o  by n e a r l y  

t h r e e  o r d e r s  of magnitude. 

and ‘9 5% AT 

These 

-4 

For t h e  range of parameters  explored ,  

are found t o  vary e g s e n t i a l l y  as t h e  f i r s t  power of r e c i p r o c a l  
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(constant) pressure. The T versus time plots show interesting structure 

with the mechanism as presently constituted. Typically there is a rela- 

tively steep, accelerating initial temperature rise which gradually becomes 
less steep as reactions proceed (i.e., showing some cool flame character- 
istics in early stages) and then gradually increases again, with the slope 
characteristically being steepest at ‘IZgnition. 
of this very interesting and unexpected behavior has not been ascertained. 

At this point the cause 

CONC LUS I OMS 

Detailed kinetics mechanisms for silane-hydrogen and methane oxidation 

have been combined and adapted for use in computation of the characteristics 

of supersonic air-methane-silane/H2 ignition and heat release. 
s u l t i n g  formulation results in a workable combustion mechanism which (with 
the ALFA code) typically requires only nomindl computational time - say 5 to 
20 CRU for a representative 95% heat release run, with the NASA Langley Re- 

search Center CDC 6600 computer. 

The re- 

After initial mechanistic refinement interfacing with very recently ob- 

tained NASA-Langley shock tube ignition data, predictions made with the re- 

fined mechanism agree to at least within a factor of 2 with these early 
shock tube measurements of ignition delay over the range 800 to 1000 K for 
silane-H2-02/N2 mixtures. 

motion in silane-air mixtures at temperatures near ambient by trace species 

arising from contaminants and/or heterogeneous processes has been demon- 
strated with the present mechanism, again in keeping with experimental ob- 

servation. 

Additionally, a sensitivity to ignition pro- 

Initial favorable results for use of silane as an ignition aid in 
supersonic methane combustors have been obtained in a parametric examina- 

tion of theoretical ignition and reaction times in silane-CH4-air mixtures. 

Reductions in ignition and reaction times by factors on the order of 3 
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orders of magnitude is predicted, depending 011 particulars. 

as an ignition aid thus appears to offer considerable promise for augmented 

combustion of hydrocarbon fuels, as well as for hydrogen. 

Use oC s t  I:inc 

RECOMMENDED NASA SILANE PROGRAM DIRECTIONS 

Based on the favorable results of this study and our interaction with 
and understanding of the status of the NASA silane hypersonic combustion 

program, we offer the following recommendations for the further implementa- 

tion and study of this very promising advanced combustion technique: 

0 Measure silane-hydrogen/oxygen-nitrogen ignition delays in 
shock tube experiments over a range of initial tempera- 
tures, pressures and compositions, utilizing existing com- 
putational kinetics codes to support analysis of the ex- 
periments. 
of combustion temperature, particularly in fuel-rich mix- 
tures with excess hydrogen, is required to assess the role 
of nonequilibrium combustion. (The latter work could per- 
haps be accomplished using a flat flame burner to supple- 
ment the shock tube.) 

Analysis of combustion products and measurement 

0 Extend the measurements and analysis to silane-hydrocarbon 
combustion, first to methane, then to propane, and ulti- 
mately to highly practical flight candidates such as JP- 
type aviation fuels. 

Aggressively pursue engine t e s t s  using silane as an ig- 

Couple these 
niter, as well as a pilot, for each of the main fuels of 
interest (i.e., H2, CH4, C3H8, JP, etc.). 
engine tests with kinetic analysis of the combustor flow 
fields, including recirculation effects known to be of 
paramount importance to successful flameholding. 
dimensional code is required, necessitating use of combus- 
tion mechanisms reduced to their essentials only.) 

(A three- 

. 

0 Explore the use of silane itself, or of higher silanes, as 
the primary fuel in a hypersonic propulgion system. 
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A p p e n d i x  C 

GLOBALIZATION OF HYDROCARBON K I N E T I C S  
FOR HYPERSONIC COMBUSTION COMPUTATIONS 



Appendix C 

SUMMARY 

A generalized semi-global model of hydrocarbon flame front k i n e t i c s  

su i table  for  use with the GIM code has been developed f o r  ana lys i s  of hyper- 

sonic combustion. Real f u e l s  of most in teres t  are l iqu id  hydrocarbon 

aircraft-type f u e l s ,  and the model development has accordingly s p e c i f i c a l l y  

addressed these f u e l s .  
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C . l  BACKGROUND 

Modeling the details of combustion of real hydrocarbon fuels including 
the intricacies of complex pre-ignition kinetics remains remote for two 
primary reasons: 

1. The mechanistic details of the combustion of higher hydro- 
carbons are still largely unresolved. 

2. Even if the detailed kinetics were unambiguously known, the 
magnitude of the computational problem would still swamp 
existing computational facilities. 

To overcome this, partially empirical combustion models for hydro- 
carbons (“global, semi-global and quasi-global’’ models, recently reviewed by 

Chinitz in Ref. C-1) are under development - all of which assume the hydro- 
carbon to decompose in a single, fictitious global reaction to relatively 

simple products, viz. CO, H2, H 2 0  and/or C -C 

C2H4* 

species such as CH4 or 1 2  

Global models utilize irreversible global rate expressions derived from 

curve fits to data for - all of the combustion products. 

global model of Dryer et al. (Ref. C - 2 )  for propane combustion utilizes the 

following four global reactions to describe the temporal behavior of the 
species C3H8, 02, C2H4. H 2 ,  CO, C 0 2  and H 2 0 :  

For example, the 

C 3 H 8  + 1.5 C 2 H 4  + H 2  

C 2 H 4  + 02 + 2 CO + 2 H 2  

CO + 0.5 02 + C 0 2  

H 2  + 0 . 5  02 + H 2 0  

None of the individual steps in such models bears any semblance to the 
fundamental free radical-dominated kinetic steps painstakingly documented in 

studies of actual combustion mechanisms undertaken over the course of this 
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century. 
in extrapolation beyond the narrow data range fit by the computationally 
straightforward, but restrictive, expressions employed. 

This results in rather obvious shortcomings and great uncertainty 

Semi-global models relax this major shortcoming by allowing CO/H2/ 

H20 intermediate reaction products to follow their individual, detailed 
fundamental free radical-dominated kinetic pqths while utilizing a global 

expression for consumption of the hydrocarbon to intermediate species, e.g., 
as in the global, irreversible finite rate step proposed by Harsha et al. 

(Ref. C-3) and recommended by Chinitz (Ref. C-1): 

Cn Hm + n O2 + m H2 + n CO 

Quasi-global models allow an additional degree of complexity by incorp- 
orating intermediate yields of C1-C2 hydrocarbon decomposition products. 

Individual detailed fundamental kinetic paths of these species are then 

followed along with reactions of the CO/H2/H20 products of the initial 
globalized hydrocarbon pyrolysis reaction (e.g., Cn H2n+2 + M + (n/2) 

C H + 112 + M). 2 4  

At this time, none of the models is clearly best and all have both 
shortcomings and controversial features outside of the limited regimes for 

which they have been developed. 
not give acceptable results in flows dominated by long ignition delay times. 

In particular, existing global models do 

After review of the problem we concluded that the best available 

reasonably computationally efficient yet data-based compromise lay in devel- 
opment of a generalized semi-global model of flame front and post-flame 

front kinetics with heavy reliance on experimental measurements of ignition 
delay for the specific hydrocarbon considered. 
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C . 2  TECHNICAL APPROACH 

Experimental measurements of auto-ignition delays (kinetically-limited) 

are usually available for fuels of interest over the range of parameters 

likely to be encountered. If not available, experimental facilities exist 
which can generate the required data. 

in the construction of a relatively simple but realistic model of the com- 
bustion kinetics of (generic) hydrocarbon fuels, as follows. Coupled with 
fundamental CO/H2/H20 rate processes the resulting model is adequate for 

finite rate analysis of hypersonic combustion by the G I M  or other complex 
flowfield modeling codes. 

Such data are to be utilized heavily 

The temporal development of combustion in a given parcel of fuel-air 

mixture is conceptually divided into three regions: 

Region 1 - Physical Processes 

In this region pre-ignition processes are dominated by physical 

processes which include droplet formation, heating, vaporization, diffusion, 
mixing and temperature equilibration with the air stream. Typically, this 

region is less important than Region 2 ,  below. Region 1 is characterized by 
a required physical processes residence time, 'I 

P' 

Region 2 - Auto-Ignition Kinetics 

In this region pre-ignition processes are dominated by the highly com- 

plex chemical processes which result in the partial decomposition of high 

molecular weight hydrocarbon species and the formation of critical concen- 

trations of intermediate free-radical species, with only a small change in 

temperature and in the concentration of major species (i.e., fuel and 02). 

AI' Region 2 is characterized by a required autg-ignition residence time, 
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Region 3 - Flame Front and Post-Flame Front K ine t i c s  

I n  Region 3, hydrocarbon molecules are r a p i d l y  consumed by o x i d a t i o n ,  

r e s u l t i n g  i n  a h o t  f lame f r o n t  w i th  accompanying combustion of HZ/CO/ 

C -C 

model) followed by post-flame f r o n t  f r e e  r a d i c a l  recombination processes .  

i n t e r m e d i a t e s  (C1-C2 s p e c i e s  are not  incorpora ted  i n  t h e  p re sen t  1 2  

F igure  C-1 summarizes t h e s e  r eg ions  and Fig. C-2 summarizes r e s u l t s  of 

s e v e r a l  workers f o r  a u t o - i g n i t i o n  d e l a y s  of a i r c r a f t - t y p e  f u e l  s p r a y s  i n  

a i r ,  w i th  a u t o - i g n i t i o n  d e l a y s  f o r  H2 superimposed. 

METHODOLOGY 

Region 1. Pre - ign i t ion  p h y s i c a l  p rocesses  ( i . e . ,  spray  and d r o p l e t  

format ion ,  v a p o r i z a t i o n ,  mixing, temperature e q u i l i b r a t i o n ,  etc.)  are 

assumed to  be s e p a r a t e l y  analyzed. 

a m u l t i p l e  - a - of t h e  time r e q u i r e d  f o r  t h e  i n i t i a l  l i q u i d  jets - moving 

a t  v e l o c i t y  vL - t o  t r a v e r s e  a c h a r a c t e r i s t i c  c r o s s  channel f low dimension 

X, where X w i l l  as o f t e n  as n o t  be a sp ray  b a r  ha l f  spac ing ,  o r  i t s  equiv- 

a l e n t .  Thus, 

Normally t h e  p h y s i c a l  t i m e  scale w i l l  be 

T 
P 

P 

where a is a number presumed of o rde r  u n i t y  obta ined  i n  a n c i l a r y  computa- 

t i o n s  of t h e  time requirement f o r  t h e s e  phys ica l  even t s  preceding i g n i t i o n .  

A l l  r e a c t i o n  rates are set e q u a l  t o  ze ro  i n  Region 1. - 

Region 2. Auto-ignition d e l a y  d a t a  l i k e  those  shown i n  F ig .  C-2 are 
assumed t o  be a v a i l a b l e  f o r  a s p e c i f i c  f u e l - a i r  cambustion problem. 

t i o n a l l y  is i n p u t  as 

Func- 

EAI  ex- sec = AAI TN 
RT 

pb f ($)  
= A I  
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Fig. C-2 - Autoignition of Liquid Hydrocarbon Fuel Sprays 
i n  Air (LargeAy from Ref. C t 4 ,  as c i t e d  i n  Ref .  C-9) 

0 1.22 x 
P e x p 7  8400 sec  (Boundary) 'I 

A1,Hydrocarbons 
8 .0  x lo-' 9600 

P P e x p y s e c  (Ref. C-12) 
T~~ , H ~  
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where 

AAI = Pre-exponential constant of curve fit to auto-ignition 
data 

T = Temperature in Region 2, K 

N = Temperature exponent (default - 0) 
P = Pressure in Region 2, atm 

b = Pressure exponent (default = 1) 

f($) = Function of fuel-air stoichiometry ratio, (default 
value of f($) = 1) 

(Fuel: Air molar ratio) 
P 

4 (Fuel: Air molar ratio at stoichiometry> 

EAI = Auto-ignition delay apparent activation energy, cal/mole 

R = Gas constant 

All reaction rates are set equal to zero in Region 2 also, correspond- - 
ing to the pre-ignition condition of hardly noticeable change in T, P and 
major species concentration profiles evident in plots such as those of Fig. 

A-1 and A-2. The onset of ignition at the - end of Region 2 - or rather the 
beginning of Region 3 - is modeled by inputting a discrete, characteristic 
post-ignition value for the mole fraction of chain branching H atom free 
radical - - and initiating the globalized kinetics as discussed below. SI 
Region 3 

The kinetics dre switched on in( Region 3, with the mole fraction of H - 
atoms initialized at a level corresponding to post-ignition, pre-flame con- 

ditions, i.e., 
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i p u t  va lue  

-4 
= A number of o rde r  1 x 10 t o  1 x 

( s e e  e .g . ,  Figs.  A-1 and A-2). 

Note t h a t  t h e  c h a r a c t e r i s t i c  rise t i m e  f o r  t h e  H atom popu la t ion  t o  

i n c r e a s e  from %I t o  a l e v e l  t y p i c a l  of flame f r o n t s ,  i . e . ,  a number of 

From Fig. C-2 i t  i s  ev iden t  t h a t  T ~ ~ , ~ ,  is apprec iab ly  s h o r t e r  than  

o r d e r  is a f r a c t i o n  of t h e  a u t o i g n i t i o n  de lay  f o r  H2 ,  i . e . ,  'c A I  ,H2'  

- L  
Thus t h e  H atom rise time from X t o  flame f r o n t  

'AI,  Hydrocarbons H I  
l e v e l s  i s  on ly  a r e l a t i v e l y  small f r a c t i o n  of t h e  t o t a l  a u t o - i g n i t i o n  de lay  

f o r  hydrocarbon combustion. 

t o  t h e  choice  of X . For hydrocarbon combustion, 1 x i s  a good 

choice  f o r  XH . 
pr ia te  as t h e  corresponding H atom rise time from 10 

R e s u l t s  are accord ing ly  r e l a t i v e l y  i n s e n s i t i v e  

H I  -3 
For H2 combustion, 1 x 10  i s  however more appro- 

t o  mole 
I -4 

f r a c t i o n  can be a s i g n i f i c a n t  f r a c t i o n  of 'I . 
AI, H2' 

A rate c o e f f i c i e n t  - kHC - f o r  d e p l e t i o n  of hydrocarbon a t  t h e  en- 

t r a n c e  t o  Region 3 i s  inpu t  such t h a t  t h e  t i m e  c o n s t a n t  f o r  hydrocarbon 

o x i d a t i o n  is equa l  t o  TAI ,HC/ lO,  

decreased by f i n i t e  rate r e a c t i o n  t o  l / e  of i t s  i n i t i a l  va lue  i n  a t i m e  

equa l  t o  10  percent of T 

about 10 percent of the  k i n e t i c  i g n i t i o n  l eng th .  Thus, l e t t i n g  

Thus, t h e  hydrocarbon c o n c e n t r a t i o n  i s  

- i .e.,  t h e  flame f r o n t  t h i ckness  i s  set a t  A I ,  HC 

n kHC m Cn Hm + T O2 __t n CO + H2 

be t h e  i r r e v e r s i b l e  f i n i t e - r a t e  o x i d a t i o n  r e a c t i o n  f o r  t h e  hydrocarbon, w i t h  

r a t e  c o e f f i c i e n t  kHC def ined  by 
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and 

the  ra te  c o e f f i c i e n t  kHC i s  g iven  by 

- 1 10 
T kHC ['21 - - = 

A I ,  HC HC 
T 

0 

Thus 

For a i r  

EAI exp - - RT 

b = 10  . P . f($) 
1021 AAI TN 

0 

[02] = (P/T) x 1.54 x 1021 p a r t i c l e  
0 

with  P i n  atm and T i n  K,  neg lec t ing  f u e l  d i l u t i o n .  Thus 

6.5 x pb-l -EAI f ( 0 )  e"- 

-1 -1 
" = ( AAI TN'l ) 

3 c m  . par t ic le  . sec 

(C.4b) 

(C.4c) 

(C.4d) 
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To f i x  t h i s  concept ,  cons ide r  t h e  a i r c r a f t  f u e l  i g n i t i o n  d e l a y  d a t a  of 

Fig.  C-2. While each i n d i v i d u a l  d a t a  se t  can  be r ep resen ted  by a s p e c i f i c  

expres s ion ,  i f  t h i s  i s  d e s i r e d ,  - a l l  of the  d a t a  are bounded by t h e  expres s ion  

8400 exp-. sec 1.22 x 
3 

T~~ ,HC P T 

as i n d i c a t e d  i n  t h e  c a p t i o n  t o  Fig. C-2. Employing t h i s  as  r e p r e s e n t a t i v e  

of a g e n e r i c  a i r c r a f t  f u e l  hydrocarbon, s u b s t i t u t i o n  i n  Eq. (C.8) y i e l d s  t h e  

expres s ion  

kHC = 5.3 x T exp-l6,70O/RT (C.9) 

Defau l t  v a l u e s  f o r  N, b and f ( $ )  have been used i n  t h e  above expres s ion  

i n  t h e  absence of more s p e c i f i c  i n p u t s ,  which may o r  may n o t  be a v a i l a b l e  

f o r  a p a r t i c u l a r  case. 

The r e a c t i o n  set is completed by adding those  elementary r e a c t i o n s  

necessa ry  and s u f f i c i e n t  t o  model H2/C0 a f t e r b u r n i n g  combustion e f f i -  

c i e n t l y  as i n  t h e  b a s i c  plume chemistry models u t i l i z e d  i n  Lockheed's 

a n a l y s e s  of  SSME/SRB/Trident, e tc . ,  advanced p ropu l s ion  systems. 

p le te  semi-global hydrocarbon k i n e t i c s  model is shown i n  Table C-1. E le -  
mentary rate c o e f f i c i e n t s  f o r  t h e  r e v e r s i b l e  r e a c t i o n s  2 through 9 are a l l  

from Table B-1 and, have p rev ious ly  been d i scussed .  

The com- 
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Table C-1 - SEMI-GLOBAL HYDROCARBON KINETICS MODEL 

3 -1 -1 Reaction Rate Coefficient, cm -particle -sec units 

No t Re ve r s i ble : 

1. n m 
Cn Hm + O2 -t n CO + T H2 

Test Case: Generic Aircraft Fuel: 

Cl0 H20 + 502 + 10 CO + 10 H2; 

Reversible: 

2. H + 0 2 + O H + 0  

3. OH + H2 + H 2 0  + H 

4. 0 + H2 -+ OH + H 

5. OH + OH + H 2 0  + 0 

6. CO + OH + C02 + H 

7 .  H + O H + M + H 2 0 + M  

8. H + H + M + H 2 + M  

9 .  C O + O + M + C 0 2 + M  

M Body Catalytic Weighting Factors: 

kl = 5.3 x T exp-l6,70O/RT 

1.0 x T exp-14,800/RT 

1.8 x 10 exp-3,65O/RT 

3.0 x T exp-8,900/RT 

-15 T1.3 

-16 T1. 3 1.0 x 10 

1.1 x exp(T/1100) 

-26 T-2 6.1 x 10 

1.8 x exp-4,300/RT 

4.0 X lo’33 exp-4,300/RT 

= 3 .0 ,  H2 = 2 .0 ,  H20 = 12.0, CO = 1.0 ,  ‘n Hm 
3.0, H = 16.0, 0 = 16.0, OH = 16.0 

N2 = 1.0, O2 = 1.1, 

C02 
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Appendix D 

D . l  INTRODUCTION 

This  appendix d e s c r i b e s  t h e  GIM code d i f f e r e n c e  ana logs  from a s l i g h t l y  

d i f f e r e n t  p e r s p e c t i v e  than  t h a t  developed i n  t h e  prev ious  documentation. 

This  development i s  based on new weight f u n c t i o n s  which a l low t h e  i n t e g r a -  

t i o n  of t h e  ana logs  i n  a c losed  form which is amenable t o  v e c t o r i z a t i o n  and 

r e p e t a t i v e  c a l c u l a t i o n .  As a r e s u l t ,  t h e  ana logs  can  now be computed wi th  

g r e a t  e f f i c i e n c y  when needed ( i . e .  , "p rogres s ive ly" )  r a t h e r  than  occupying 

machine s to rage .  

s o l u t i o n  of l a r g e  three-d imens iona l  problems. 

Th i s  sav ing  i n  s t o r a g e  i s  p a r t i c u l a r l y  important i n  t h e  

It is assumed he re ,  as i n  a l l  GIM development, t h a t  a l l  f u n c t i o n s  of 

t he  l o c a l  v a r i a b l e s  can be expressed i n  a d i s c r e t i z i n g  r e l a t i o n  as i n t e r -  

po la ted  sums of p o i n t  func t ions :  

d f (Y)  = Si(.$ f i ;  i=1, . . . , 2  

where d is t h e  problem dimens iona l i ty .  

are assumed h e r e  t o  be m u l t i l i n e a r  Lagrange i n t e r p o l a n t s .  

Further, the shape f u n c t i o n s ,  Si, 

The fo l lowing  summation convent ions  ho ld ,  except  where noted: 

1. Repeated i n d i c e s  are summed. 

2. Lower case L a t i n  i n d i c e s  run  ove r  t h e  2 d co rne r  p o i n t s .  

3. Greek i n d i c e s  run over  t h e  d dimensions. 

4. C a p i t a l  L a t i n  i n d i c e s  run  over  a l l  nodes i n  t h e  d i s c r e t e  
domain. 



D.2 TWO-DIMENSIONAL ANALOGS 

The two-dimensional divergence law equation i s  

T h i s  i s  modeled by the d i scre te  d i f ference  equation on the element e (Fig. 

D-la) : 

where 

and 

R 2  



A 3 

a. Element Domain 

b. Assembled Computational Domain 

Fig. D-1 - Two-Diqensional Rectilinear Domains 
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The cho ice  of t h e  fo l lowing  q u a d r a t i c  weight func t ions :  

W2 = (3 - 2 4  ql + 30 vl) 2 (9 - 36 q 2  + 30 q2) 2 

W4 (9 - 36 ql + 30 ql) 2 (3 - 2 4  n2 + 30 q2) 2 

y i e l d  c losed  form ana logs  of t he  d i f f e r e n t i a l  express ions .  

w r i t t e n  i n  t h e  fo l lowing  form: 

These can be 

where t h e  f i n i t e  d i f f e r e n c e  Jacobian  de terminant  is def ined  as 

wi th  no sum on i .  

f 

po in t  i i n  element e. 

E is t he  two dimensional  Levi-Civita symbol and Ae  lJ 
u 

XV 
is t h e  two p o i n t  f i n i t e  d i f f e r e n c e  in t h e  v d i r e c t i o n  eva lua ted  a t  

i 



The element equa t ions  can  be assembled over  the  fou r  e lements  which 

make up t h e  t y p i c a l  9-node computat ional  domain by performing t h e  weighted 

Boolean sum 

4 C a  Ie = 0 e 
e=1 

where 

4 

This r e s u l t s  i n  a n  assembled f i e l d  equa t ion  f o r  node N 

u + B m % + C m F M  = 0 *NM M 

where 

L 
Since Am i s  d iagona l ,  t h e  r e s u l t i n g  d i f f e r e n c e  echeme i s  a n  e x p l i c i t  

f i n i t e  d i f f e r e n c e  analog t o  t h e  d ivergence  law. 
I 



D . 3  THREE-DIMENSIONAL ANALOGS 

The approach to the three-dimensional analogs is directly analogous to 

the 2-D derivation. The three-dimensional divergence law equation 

is modeled by the element equation 

= o  U + Be E + Ce F. + Dij e Gj 
Ie 4 j  j ij j ij j 

where e is the eight-node element (Fig. D-2a) and 

D-6 
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a. Element Domain 

b. Assembled Computational Domain 

Fig. D-2 - Three-Dimensional Rectilinear Domains 
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Choosing the following weight functions: 

= 64 ( 4  - 3m1 + 60nl 2 - 3 5 ~ ~ )  3 (4 - 30Q2 + 60ni - 35n2) 3 
w1 

2 3 . ( 4  - 3OQ3 + 60n3 - 35T13) 

. (4  - 30n3 + 60Q: - 35Q3) 3 

2 3 2 3 
W3 

= 64 (- 1 + 15Ql - 45nl + 35Q2) (- 1 + 15V2 - 45n2 + 35Q2) 

2 3 . (4  - 30n3 + 60n3 - 35n3) 

- 64 (4 - 3Onl + 60n: - 35nl) 3 (- 1 + 15n2 - 45n2 2 + 35n2) 3 
w4 

. (4 - 30n3 + 6OQg - 35Q3) 3 

2 3 2 3 = 64 (4 - 30rll + 6OVl - 35rll) (4 - 30Q2 + 60Q2 - 35n2) w5 

2 3 . (- 1 + 15n3 - 45n3 + 35n2) 

W6 = 64 (-1 + 15nl - 45n1 2 + 35n1) 3 (4 - 30n2 + 600; - 35n2) 3 

. (- 1 + 15Q3 - 45n3 2 + 35n3) 3 

65 (- 1 + 15Vl - 45nl 2 + 35Ql) 3 (- 1 + 15n2 - 45n2 2 + 35Q2) 3 

64 (4 - 3OOl + 6OVl 2 - 35n1) 3 (- 1 + 15n2 - 4502 2 + 3m3)  3 

. (- 1 + 15n3 - 45n2 2 + 35n3) 3 

W7 

2 3 . (- 1 + 15Q3 - 45n3 + 35n3) 

W8 
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elcmeut analogs result w h i c h  are similar t o  the two-dimensional form, i . c . ,  

Be E = 
i j  j 

e F =  
‘ij j 

Here the three-dimensional finite difference Jacobian determinant is 

(no sum on i). 

The three-dimensional assembly consists of a weighted Boolean sum over 

the eight elements which comprise the classic 27 node finite difference cell 
(Fig. D-2b). 

The assembled equation becomes 

where 
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D . 4  SUMMARY 

This appendix has  presented  an  a l t e r n a t i v e  development of t h e  G I M  

f i n i t e  d i f f e r e n c e  ana logs .  

closed-form d i s c r e t e  d i f f e r e n c e  expres s ions  of t h e  i n t e g r a l  ana logs .  

expres s ions  are amenable t o  v e c t o r i z a t i o n  and r e p e t a t i v e  c a l c u l a t i o n .  

c a l c u l a t i n g  t h e  ana logs  p r o g r e s s i v e l y  dur ing  t h e  s o l u t i o n  procedure much 

s t o r a g e  can  be saved. 

A d i f f e r e n t  choice  of weight f u n c t i o n s  provides 

These 

By 

There are a number of o t h e r ,  less obvious,  advantages t o  t h i s  develop- 

ment: 

0 Fewer nodal  connec t ions  are necessary  ( 5  i n  2-D; 7 i n  3-D). 

0 No s i g n i f i c a n t  d i f f e r e n c e s  have been seen  i n  comparisons 
wi th  ear l ier  G I M  code ve r s ions .  

0 The MATRIX module is no longe r  necessary  

0 The GEOM module performance is s i g n i f i c a n t l y  improved by 
e l i m i n a t i n g  t h e  element ma t r ix  i n t e g r a t i o n  

D-10 



0 The INTEG module is now independent of the GEOM module. 
Any gr id  generation program can now be used so long a s  its 
output is sui tably  formatted. 

0 The f i n i t e  d i f ference  scheme can now be changed without 
mult ip le  GEOM runs. 
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